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of some of the material. However, it is the best reproduction available 
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ABSTRACT 


This is the second edition of the Air Force Design Manual. "Design 
ef Protective Structures to Resist the Effects of Nuclear Weapons,'' AFSWC, 
TR-59-70, December, 1959 (Conf.). Its intended use is for the planning and 
design of structures to resist the effects of nuclear weapons ranging into the 
megaton class. The emphasis is primarily on underground construction, 
The material presented is derived from existing knowledge and theory, so 


that the manual is also a report of the state of the art. 


Starting with general considerations of site selection and structural 
function, various phases of design are considered: free-field phenomena in 
air and ground, material properties, failure criteria, architectural and 
mechanical features, radiation effects, surface openings, conversion of 
free~field phenomena to loads on structures, and the design and proportioning 


of structural elements and structures. 
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This revised manual is the result of efforts of the staff of 
the Department of Civil Engineering of the University of illinois. The 
work was accomplished under the general direction of Or. N..M. ‘eer 
Professor of Civil Engineering and Head of Department, end the immediate 
supervision of Dr, J. D. Haltiwanger, Professor of Civil Engineering. 
Direct or indirect contributions have been received from many staff eubees: 
end much of the material published in the first edition has been retained. 


The principal authors of this revision were: 


Or. M. T. Bavisson 
Or. J. O. Haltiwanger 
Dr. J. G. Hammer 

Dr. J. W. Kelin. 

Dr. J. P. Murtha 

Dr, Ww, €, Schnobrich 
Or. R. N. Wright, fil 


fiajor contributions to the work were made by Or. Wright and 
Dr. Murtha, | | 

Figures and text have been reproduced freely from various sources 
so as to present herein a complete procedure without requiring reference to 
other material that may not be readily available to the reader. In this re- 
gard special acknowledgment is due AFSWC and to N. 4. Newmark and W. J. Hall 
for the use of material from AFSWC Report TDR-62-6, and acknowledgment is also 
due the Office of the Assistant Secretary of Defense for Installations and 
Logistics and to Newmark, Hansen and Associates for the use of material and 
numerous charts in Chapter 9 from the Protective Canstruction Review Guide, 

This work was done under the auspices of the Structural Division, 
Research Directorate, Air Force Special Weapons Center, Kirtland Air Force 


Base, New Mexico. 
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CHAPTER 1. INTRODUCTION 


1.1 OBJECTIVES 

The objectives of this menual are: 

8. To present the current "state of the art’ of structural 
design to resist the effects of nuclear explosions. 

b. To guide and assist the designer who has some famillarity 
with nuclear blast phenomena, dynamic theory and limit design. 

c. To provide theory, data, background and references go thet 
work undertaken by erchitect-engineer firms for the Alr Force can follow 
standardized procedures. 

This manual by original intent does not attempt to extend the 
theoretical frontiers per se. Rather, the Intent Is to select and apply 
existing theory and procedures so that the resuit Is based upon the best 
avallable knowledge. The menual, therefore, draws liberally frea the 
referenced sources. In some few cases (which are noted) portions of 
references were felt to be precisely sulted to the discussion and are 
therefore included. Quite obviously, a manual prepared under these 
circumstances reflects to @ considerable extent the éupar lence end judgment 
of the authors. Periodic re-examination and re-evaluation will be re- 
quired as more and better experimental and theoretical Information becomes 


available. 


1.2 SOURCES 


Four general sources have been used in obtaining matertal for this 
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manual. They are 


a. Field Tests: Interim Technical and Weapon Test Reports. 

b. tLahoratory Tests. Experimental laboratory work performed by 
universities, government laboratories, and private research ectivities. 

c. Theoretical studies. | 

d. Extension of Work in Related Fields. Work done In such flelds 


as seismology, geology, soil mechanics, and other branches of engineering 


and science. 


1.3 GENERAL ASSUMPTIONS 


The possible scope of this manual Is limited only by the variety 
and range of the assumed design situations. An effort has been made to 
cover the more plausible situations and at the ape time retain sufficient 
generaiity so that other epplications could be made by the reader. 


In general the weapons are assumed to be of Megaton range deton- 


- ated as surface bursts. Both aboveground and belowground structures are 


given attention, although primary emphasis is placed on the belowground 
situation which is considered to be of greater importance to the Air Force, 
Because of the present incomplete understanding of some of the 
aspects of protective construction, it has been necessary ae some points in 
this manual to proceed on the basis of judament In order to esteblish a | 
design procedure. These assumptions are subject to revision as further 
knowledge Is obtained, and the reader must guard against complacency ta 


following procedures given. 
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1.4 PRESENTATION 

This manual consists of twelve chapters and four appendices. 
Each chapter covers a fundamental aspect of the protective design problem 
and contains its own list of references. The page numbering, figures, 
equations, and references pertaining to a given chapter are piesented 
together independently of the other chapters so that periodic revision can 


be made at a minimum of cost and effort. 


1.5 NOTATION 
Blast-resistant design involves many different scientific and 
engineering disciplines and it is not surprising to find a lack of standardi- 
zation of symbols used. In some instances the same symbd] is used for several 
different quantities. In a manual such as this which draws upon many differ- 
ent sources, the problem of establishing a uniform notation is a formidable one. 
So far as possible, commonly accepted notation has been used. 
Each symbol is defined when first introduced, and a summary is given in 
Appendix D of those symbols used more-or-less generally throughout the manual. 
Special symbols used only within the confines of a few consecutive pages, as 


for example in a derivation, are not included in Appendix 0. 


1.6 ACCURACY AND PRECISION 
In nuclear blast-resistant design it is not uncommon to work with 
quantities which may be in error by a factor of two or more, Having this to con- 


tend with, one becomes willing to accept errors of the order of 20% as tolerable. 
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It follows that extremely precise computations are not usually justified; 
the designer may only be deceiving himself if he strives for numerical 
precision with Inaccurate basic data. 

Throughout this manual some liberty has been taken to simplify 
computational methods when It was felt that their precision exceeded that 
of the input data being used. This is not so serious in design as It might 
be In analysis, because in design many of the uncertain aia can be chosen 
so that the unknown error will introduce conservatism. In this manner the 
resulting design will be adequate for the assumed loading conditions, and 


probably adequate for something exceeding the assumed loading conditions. 


1.7 STATISTICAL ASPECTS 

| There ts a statistical uncertainty associsted with any blaste 
resistant design. For loading cenditions other than those assumed, the 
probability Gk survival will be altered end even less-knewn. It Is therefore 
important that the loading condition selected be as realistic as nossibie: 
Selection of the most probeble attack Is not in the prevince of this asnual’, 
but it should be realized that the design can be no better than the leading 
assumptions, and a successful design cen only be expected to withstand its 
speclfic design loads. All that can be asked of the designer ts to produce 
a structure which will successfully withstand 9 predetermined set of loading 
conditions. This should be done with the realization thet the structure 


may be vulnerable If the assumed losdings ere unrealistic. 


CHAPTER 2. GENERAL CONSIDERATIONS 


2.1 INTROOUCTION 

7 The design of structures to resist the effects of nuclear weapons 
must take Into account all effects produced by such weapons, the proportions 
of these effects in any given case being a function of the type of burst 
and the weapon characteristics. 

An alr burst, In which the fireball does not come in contact with 
the ground surface, develops air shock waves, eir-induced ground shock waves, 
flash heat, end radiation. A surface burst, in which the fireball comes in 
contect with the ground surface, develops the same effects as the alr burst 
but the megnitudes of the effects are greater near ground zero. Furthermore, 
in a surface burst, 8 part of the energy Is directly coupled from the weapon 
to the ground and Is propagated as direct-transmitted ground shock, An added 
feature of the surface burst Is that considerable dust end foreign material 
are carried into the air by the mushroom cloud, which results In a higher 
Incidence of fallout radiation over a wide area by the conteminated particles. 

An underground burst, In which the fireball escapes the ground sur- 
fece by venting, praduces very minor effects of air shock eaves flash heat, 
and direct radiation. Lerge direct-transmitted ground shock waves are pro= 
duced together with the contemination of soll particles which ere carried 
Into the air for wide scattering. 

The facility for which a design Is to be prepared may be a standard 
Installation for use In nonespecific locations, or a unique Installation for 


a specific location. Standard facilities can be designed only on the basts 
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of assumptions concerning the non-specific locations. Depending upon the 
general intended application of such a facility, reasonable or average 
conditions for the site should be assumed, and the basic design should be 
prepsred with appropriate qualifications. Designing for the worst possible 
conditions may result in over-conservative, uneconomical, facilities in all 
other locations. 

Unique designs for specific locations permit more realistic 
approaches to the nature of the loads, the site conditions, the subsoil 


properties, location of the water table, etc. 


2.2 PRE-DESIGNH CONSIDERATIONS 


Among the many problems that must be considered by the designer 
of a hardened facility, the Folieuingare basic ina of primary importance. 
2.2.1 Functions of the Facility. The designer must begin by 
identifying the function of the facility and the means by which it can accom- 


plish its purpose. The contents of the facility must be studied to determine 


the size and space requirements of the machinery and equipment of the installa- 


tion, to include any special operating conditions such as vibration isolation, 
temperature and humidity controls, etc. Building services such as gas, 
power, water, sewage and communications are particularly Suscepeiole to 
interruption at the connection points just outside the structure, Auxiliary 
services, or possibly independent self-contained services, may be a desirable 
feature to include In the design. 

The space requirements for the Secioulnerseesoanel depend sacar 


upon the nature of the facility. If the facility must remain in operation 
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_ during an attack, the occupying personnel will be required to remsin In 
thelr normal work areas, which demands that the entire facility provide the 
necessary levels of protection. However, if the facility may cease operation 
during and for a short time foliowing an attack, a more deslrable solution 
may be to Include personnel shelters, elther within or outside the facility. 

‘ 2.2.2 Importance of the Facility. The Importance of a facility is 
measured by the nature of its role in the success of a military misston, or — 
the contribution it makes to the survival of a community during and/or fol low. 
ing an attack. The relative importance assigned to the facility by the 

‘Department of Defense is used both in the target analysis to determine the 
probability of attack, end in the design to determine the levels of protec- 
tion to be provided. 

| 2.2.3 Probebility and Proportions of Attack. The study of this 
subject Is usually conducted by target analysis, and is not included In this 
manual. However, a brief discussion of sha pelucipies of target analysis will 
be of interest to the designer. 

The first step in a target analysis Is to evaluate the elements of 
the target. Common target elements Include industrial centers, military 
Installations, centers of coamunication, defense control centers, etc. For 
any given gesgcuphic ares, each installetion Is evaluated on the basis of 
its function and importance, and Is assigned @ value representing the 
relative desirability of the Installation as a target. when all of the : 
significant Installations of an area have been studied and evaluated as 
elements of the target, the entire complex of Installations can be con- 


sidered as a single target. 
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The target study Saaaideee the geographic size and setting of the 
target, topographic features of the target area, and the probable means of 
delivery of the weapon required to damage the target effectively. For the 
design of nuclear weapon-resistant facilities, the target analysis study 
leads to predictions of the levals of pressure, radiation, and heat effects 
to be expected at sites within the target area. Although the dashanee may 
not participate directly In the target analysis, his cholce of the most 
desirable location to act In concert with the function and mission of the 
facility must be guided by an overall plen based on terget analysis. This 
control Is necessary to prevent a concentration of Installations which would 
result In an increased priority for the target complex end overload the 
designs upon which the existing Installations were constructed. Thus, the — 
location of a new facility must not impalr the survival of the existing 
facilities. 

2.2.4 Reguired Levels of Protectlon. One of the most significant 
steps In the design is the establishment of the required levels of protection 
to be offered by the facility when subjected to the probable attack conditions. 
It is important to appreciate the concept of what constitutes “failure” as 
applied to facilities subjected to nuclear effects. This ts discussed In 
Chapter 7, 

It is evident that the levels of nuclear effects predicted by 
terget analysis are based upon many uncertain variables, Therefore, the pre- 
dicted values must take the form of a range of values rather than a single 
value, and a probability of occurrence attached to the limits of that range. 


From this, the designer must develop the design loads by their interrelation 


with the probability of occurrence. 
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Further uncertainty is Involved in assigning the level of protec- 
tion to be offered by the facility. Based upon the decisions concerning the 
function and importance of the facility, the survival condition of the struc- 
tural elements and the levels of radiation exossare of the occupants must be 
established. | 

The application of a factor of safety to the predicted effects and 
the desired level of protection means that, during the subsequent design proce- 
dure, the ultimate behavior of the various elements should be used to avoid 


compounding the factor of safety which would result in over-conservatism and 


excessive costs. 


2.2.5 Economic Considerations. As in all engineering projects, the 
justification of protective construction depends upon the economic balance 
between cost and benefit. The cost of a particular protective structure can 
be compared with an assessment of the benefits to be derived from such con- 
struction. However, to reduce disaster damage and possible loss of life to 
e dollar and cent basis is almost an impossible assignment, 

Another aspect to the economic picture deals with the type of 
facility that must operate not only in times of emergency, but also In the 
normal course of events. For example, if survival of an attack dictates an 
underground installation for a critical facility that handles a considerable 
flow of material, the normal operating efficiency is certain to be reduced 
because of such things as Inconvenlence of access, space and expansion 


restrictions, etc. 


2.3 CHOICE OF STRUCTURAL CONFIGURATION © 
Just as the function of the facility greatly influences the criteria. 
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for design, so it also influences the type of structure that should be used. 
But by the same bien: the severe condIitions for which protective construction 
must be designed will often dictate a type of construction that in turn will 
exert considerable Influence upon the execution of the function of the facility. 
Thus, the designer must be aware that certain conventional design arrangements 
and building practices must be modified fo. sactery the protective design 
criteria. | 

The function of a facility identifies the nature of the equipment 
to be included, and by the nature of the equipment it can be determined 
whether the facility will be pressure-sensitive or shock-sensitive. This 
determination must consider both the nature of the equipment and the free- 
fleld pressures and motions. It is conceivable that a given structure with 
its contained equipment could be pregsure-sensitive In one environzent 
and shock-sensitive in another environment. If equipment Is vulnerable to 
Shock, it must be redesigned or Insulated from the shock. 

It should be epparent early in the preliainary desiens whether the 
facility will be situated ebove ground or below ground. In general, placing 


@ given facility below ground increases the operational prodlems; however, 


very few facilities can be designed as above ground structures to have the 
desired level of invulnerability. Burial of a fecility will measurably 
reduce the loads for which it must be designed end increase the radiation 
shielding, but at the same time it will fiatroduce new problems. Ground water 


problems may be encountered as well as numerous functional difficulties 


2-6 


Fe aeahns aelichaeheammemimetaterenemmen 


attendant to the operation of a buried facility. Mechanical ventilation is 
probable in either case because above ground construction is-almost certain 
to be windowless to provide the necessary protection, if not to eliminate 
the hazard of broken glass. 

The geometry of the design should be, taking account of the functional 
requirements, such that the blast-induced loads are reduced as much as possible. 
Above ground structures should be of low silhouette, streamlined to reduce 
reflected pressures, and should present as small an area to the loading 
function as possible. Partially buried and mounded structur:s should also be 
streamlined to reduce the influence of reflected and drag pressures. In all 
ceses, the geometrical proportions may have a strong influence nct only pat 
the cost but on the functional aspects of the facility as well. 

Arches end domes are considered to be excellent geometric shapes from 
the standpoint of structural performance, but full space utilization may be 
difficult and the curved surfaces may cause higher construction costs. For 
recténgular structures, shear wall structures sre lower in cost and superior 
iapertonsaace to rigid frame structures, but are restricted in application to 
those facilities that do not require open, continuous bays for work areas and 
are also more sensitive to the effects of shock. Rectangular roof systems may 
be of either slab or T-beam construction depending upon the economy of 
materlals and methods vs. the head-room senulvenentes. 

Entrences and service cpenings are particularly critical elements 


of the design. Thelr size is controlled by the nature of the functlon of the 
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facility, and for large openings such as vehicle entrances, the associated 
Siroblems are formidable. In addition to the requirement that the closure 
device siceeustul ly operate under the pressure and radiation effects to be 
imposed upon it, ik use do soe tetous jamming either due to its own 
deformation or any deformations of the structure Itself. Another item to be 
considered Is the method of actuating the closure of the openings, for the 
facility is certainly as vulnerable as its weakest element. 

Subsoil conditions are very important for both above and below 
ground structures. Not only must consideration be given to bearing capacities. 


and settlements under both normal and blast loads, but the properties of the 


soil as they Influence the attenuation of stress with depth, the relation 


between vertical and horizontal pressures, and soll arching characteristics 
must also be investigated. | 

Weather conditions affect the subsoil properties by controlling the 
depth of frozen ground, the degree of saturation of the soll, and the position 
of the ground water table. The position of the ground water table requires 
special attention by the designer, for If the structure is located beneath 
its level, the floor slab must either be designed for the hydrostatic uplift 
or a suitable drainage aeeten wrovided. In addition, the structure may need 
to be waterproofed, | | 

A special type of facility may be settlement sensitive, such as a 
direction-oriented tracking station or missile guidance facility. In some 
cases it is difficult to design the facility to keep settlements within 
tolerable limits under normal loads. If such a structure is to be subjected 


to blast loads, the problem becomes even more difficult. 
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CHAPTER 3. AIR BLAST PHENOMENA 


3.I INTRODUCTION — 

Above-ground structures, above-ground portions of burled structures, 
and most buried structures encountered in practice will receive most of their 
loading from the air blast overpressure. In this chapter the characteristics 
of the air blast pressures from a surface burst are presented and the intere 
action of the air blast with objects Is Introduced. A discussion of the 
procedures used to obtain the air blast loading functions for structures and 
structural elements Is contained in Chapter 5; In this chapter the background 
material required is presented. 

It is not intended that this chapter serve as a self-contained, 
complete source of information on air blast phenomonology., A thorough dis- 
cussion of the subject Is available in Ref. 3-1. The objective of this chapter 
is to present information on alr blast in a form readily adaptable to 
structural response computations, to amplify the presentation to include 
subjects such as the propagation of shock in tunnels, and to bring to the 
notice of the reader sources of additional Information from the classified 
and unclassified literature. 

Two major subdivisions of the air blast loading are considered in 
the following discussion: (1), the overpressure loading due to the greatly 
increased hydrostatic pressures which occur behind the shock front, and 
(2), the dynamic pressures due to the wind, or mass transfer of air, which 
-is associated with air blast. The discussion will be concerned primarily 


with surface burst conditions since, for overpressures greater than about 


10 psi, the range for a given overoressure level is greater for a surface 
burst than for aa air burst. Thus it is assumed that a surface burst would 
probably be employed In an effort to destroy a hardened structure. For a 
posttive height of burst the free-fleld pressure-time cheracteristics of the 
air blast pulse will be altered; information describing these changes is 


avatlable in Ref, 3-1 and Ref, 3-2. 


3.2 AIR BLAST 

3.2.1 Introduction. Design loads for protective structures are 
derived from the assumed incident air blast pulse. Both overpressure and 
dynamic pressures pulses enter Into the design loads of sbove ground portions 
of structures whereas only the overpressure pulse is considered In the design 
of underground installations, The purpose of this section Is to discuss 
briefly the alr blast paremeters important In structural design and to present 
data sufficient for most design situations. 

The blast parameters necessary for leading comoutations are the 
peak overpressure, Pogo the peak dynamic pressure, Pao? the durations of the 
positive phases of these pressures and the shape of the pressure-time curves. 
These parameters are functions of the yield, W, the helght-of-burst, and the 
nature of the ground surface in the vicinity of the structure. 

In this section the overpressure and dynamic pressure charecter- 
istics for surface bursts and ideal surface conditions will be presented. 

._ Ideal surface conditions consist of smooth, plane, rigid earth surfaces, 
Surface conditions are essentially ideal when the topography is flat and 


the surface is water, concrete or snow covered. The alterations in blast 
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characteristics caused by non-ideal surface conditions will also receive 
comment in a qualitative fashion. The peak overpressure, Peo? is used as 


the independent variable in most of the parameter charts presented herein. 


“ Time parameters are given for a yield of 1 MT and may be scaled to other 
yields by multiplying by the factor Geyls. 


3.2.2 Overpressure. The parameters of Interest in regard to the 
air blast overpressure include the peak side-on overpressure, or simply 
peak overpressure, which acts upon a surface parallel to the direction of 
propagation of the shock front, the peak reflected pressure which results 
when the blast wave Impinges upon a surface, and the variation of these 
quantities with time. These significant parameters are discussed below in 
the stated order for conditions of surface burst and an Ideal ground surface. 

Figure 3-1 shows the relationship between weapon yield and 
horizontal range for various levels of peak overpressure for a surface burst. 
This figure is based on the results of theoretical calculations given in 
Ref. 3-6. These calculations ere in general macuouane with Ref. 3-2 for the 
lower pressure region. There are few measurements above 200 psi but the 
agreement between Fig. 3-1 and previous empirical studies In this Higher 
region, such as Ref. 3-7, Is satisfactory. 

The reflected pressure produced when a shock wave impinges upon 


a surface is a function of the strength of the blast wave, p__, and the 


so 
angle of incidence, @, which is defined as the engle between the normal 


to the surface in question and the direction of propagation of the shock 


front. 


For a normally incident shock, @ = 0°, the peak reflected pressure, 
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Proe is given in Ref. 3-1 as 


Pro. 


2 7 
so 
= 3-1 
2+ (7 +1) ines ce Es (3-1) 


so 


where Po is the ambient newagheete pressure and y is the ratio of specific 
heats of the medium, This relation is based on the Rankine-Hugoniot equations 
which are derived for Ideal polytropic gas. 

For relatively low overpressures, Pz. < 60 psi, the ratio of 
specific heats, 7 ‘ 2, where cy is the specific heat at constent pressure, 
and Cy the specific heat at constant volume, does not change markedly from 


its value at normal pressure and temperature, 7 = 1.4, For such conditions 


Eq. (3-1) may be expressed as” 


ro 6p. . ( ) 
——s2¢eoao 3-2 
Pso Po = Pso 


For overpressures in excess of 60 psi, the equation of state for 
air becomes significantly different from the ideal gas equation and a marked 
effect on the reflection factor, ~2, results, Figure 3-2, from Ref. 3-8, 
indicates the variation of the reflected pressure for normally incident 
shocks with consideration of the effects cf the pressure and temperature on 
the equation of state of air, 

The etfack of the angle of incidence, &, of the shock front on 
the surface of interest is shown in Fig. 3-3, taken from Ref. 3-9, It may 


be noted that Fig. 3-3 differs from Fig. 3.71b of Ref. 3-1. The latter 


shows a peak value in the reflection factor occurring at the critical angle 


of incidence (40 to 65 degrees in the overpressure range of 2 to 20 psi). 
Reference 3-9 points cut that there Is a strong rarefaction just behind the 
Mach front and although the pressure reaches 4 value higher than that given 
by normal Incidence, the pressure falls off rapidly with distance behind 

the Mach front. Further evidence of this observation has been obtained In 
efforts to measure the pressure directly with gages on the reflecting 
surface; measurements do not show higher values in the critical angle range, 
possibly because the pressure gradient Is so great that the finite size of 
the gage averages out the pressure. Accordingly, the peaks In the reflection 
factors in the transition zone from regular to Mech reflection are not shown 
In Fig. 3-3. It Is suggested that for practical uses the pressures be 
approximated as Indicated by the dotted lines shown, 

. For lack of better data, it is recommended that, for peak over- 
pressures greater than 60 psi, the reflection factor given in Fig. 3-2 be 
used for angles of Incidence between 0 and 34 degrees, with @ decrease 
thereafter as Indicated in Fig. 3+3. Examples of the recommended 
approximation for overpressures of 200 and 1000 psi are shown in Fig. 3-3. 

The time variation of the overpressure is also a significant 
parameter in air blast loading. The normalized curves of overpressure 
versus time for varlous peak overpressure levels, Poor are shown tn Fig. 
3-4, taken from Ref. 3-10 and derived from data given In Refs. 3-1, 3-6, 
and 3-ll. The ebscissa, normalized time, is equal to the time of the 
overpressure of interest (for zero time taken es the time of arrival of 


the air blast) divided by the duration of the overpressure positive phase, 
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which is a puacien ot the yield of the weapon and the range from ground 
zero. The ordinate, normalized pressure, Is the overpressure at the time 
of interest as defined above, divided by the peak side-on overpressure 
which also is a function of the weapon yleld and ground range. 


The overpressure positive phase duration, Ope may be obtained 


from Fig. 3-5, taken from Ref. 3-6. The figure fs plotted for a 1 MT 


“surface burst; to scale to other ylelds.. enter at the appropriate level of 


peak overpressure and multiply tne value of 0 from the figure by ie) *7? 
to obtain the value of 0 appropriate to the yfeld of interest. The value 


of Peo for any weapon yleld and renge may be obtained directly from Fig. 3-1. 
The overpressure impulse, Ve which Is the area contained under the over- 
Ppressure-time curve, is given in Fig. 3-5, and Is scaled In the same fashion 
as the positive phase duration. It provides a measure of the mozentua 
which may be imparted to en object by the alr blest overpressure. 

The overpressure-time curves of Fig, 3-4 ere not In a form that 
Is readily adapteble to use In computations of structural response to air 
blast loading. In order to represent simply the pressure-time verlation 
for use tn response computations, triangular representations cquilvalent to 
the theoretice! exponential overpressure-time functions were developed in 
Ref. 3-10 from data eppearing in Ref. 3-1 and 3-6, 

Three single-triangle overpressure~-time representations were 
developed, all with an Initial pressure value equal to Pax but with the 
duration of pressure decay varied to give the following charecterlstics: 


(1) A single-triangle pulse of duration t,, which has the sama 


total Impulse as the actual pressure-time curve. It is eoplicable tf the 
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maximum response of the structure occurs after the spaeeiee pulse has 
passed. — 

-Q) A single-triangle pulse of duration tor which has the same 
slope as the initial decay of the actual pressure-time curve. It is 
applicable if the response of interest occurs early in the pressure history. 

(3) A single-triangle pulse of duration tso- which has the same 
time ordinate at 50 percent of peak overpressure as the actual pressure- 
time curve. It may be applied to response situations intermediate to 
those mentioned above, 

The significance of tye tgs and to is shown pictorially fn 
Fig. 3-6, teken from Ref, 3-10. The values of tis tons and ty are given 
as a function of the peak overpressure, Peo? in Fig. 3-7, also from Ref, 
3-10, The durations shown are for a l KT surface burst; as Indicated in 
the figure they may be scaled for other yields by multiplying by Gas, 

In situations where greater accuracy in analysts is desired than 
that possible using a single triangle representation of the overpressure- 
time variation, multiple-triangle representations have been developed In 
Ref, 3-10. A two-triangle representation is shown in Fig, 3-8, and a 
Gireactrtencte representation is shown In Fig. 3-9. Both the two and three- 
triangle representations preserve the total impulse of the actual ever- 
pressure-time curve; it is, of course, possible to follow the actual variation 
of the overpressure-time curve more closely with the three-triangle repre- 
sentation. The times given In the cited figures may also be scaled to 


other ylelds by multiplication by (ty l/3, 


LMT 
3.2.3 Dynamic Pressure. The dynamic pressure, resulting from 


the winds essociated with the air blast, produces loadings on above ground 
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structures comparable to the wind forces experienced during hurricanes - 
but the intensity of such drag forces produced by nuclear explosions can 
be much greater. Two factors must be considered In the evaluation of drag 
force on an object: (1), the dynamic pressure, which Is a time dependent 
function of the weapon yleld, ground range, height of burst, and surface 
conditions; and (2), the size, shape, and surface texture of the object 
Interfering with the flow of air behind the shock front. The characteristics 
of the dynemic pressure under ideal surface conditions is discussed first; 
consideration of the effects of. non-Iideal surface conditions is deferred 
to Sec. 3.2.4. The influence of the object itself on the drag force, 
expressed in the form of a drag coefficient, Is discussed In thls section, 
For ideal surface conditions the peak dynamic pressure may be 


expressed readily as a function of the peak overpressure. Figure 3-10, 


‘based on data from Ref, 3-6, presents the peak dynemle pressure, Pug? as 


é function of the peak overpressure to en overpressure level of 10,060 psi, 
It will be noted that the curve of Fig. 3-10 does not correspond exactly © 


with the relation given between peak dynamic pressure and peek overpressure 


in Eq. (3.49-1) of Ref. 3-1 which Is 

2 

P so 
7g + Pso 


5 : 
a a 2 (3-3) 


Pa 


Equation (3-3) Is based on the Renkine-Hugonlot equations for en ideal 
gas; a more realistic representation of the behavior of alr at high pressures 
and temperatures was used In Ref, 3-6 for the data for Fig. 3-1f. 

The variation of dynamic pressure with time Is different quanti- 
tatively from the variation of overpressure with time, although the curves — 
have the same general shape. Normalized curves of dynamic pressure versus 
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time for various values of peak dynamic. pressure, Pyor are given ta 

Fig. 3-11, based on data from Ref. 3-12. The abscissa, normalized time, 

is equal to the time from the arrival of the shock front at the point of 
. Interest divided by the duration of the dynamic pressure pulse, o. The 
ordinate, normalized dynamic pressure, Is equal to the transient value 
of the dynamic pressure, Py divided by the peak dynamic pressure, Puoe 
Beginning with a given value of weapon yield and ground range, the peak 
overpressure value is obtained from Fig. 3-1, the value for peak dynamic 
pressure is then obtained from Fig. 3-10, and the duration of the dynamic 
pressure, DN Is taken from Fig. 3-5. Note that the dynamic pressure 


duration must be scaled by the factor Gm). Fig. 3=5 also presents 


the dynamic pressure impulse, Wa which also scales according to Ga)”. 

Triangular representations of the dynamic pressure-time vartation 
have been prepared In a form comparable to that for the everpressure-time 
variation. Three single-triangle dynamic pressure-time representations, | 
of durations te ae end tare presented In Fig, 3-12 which Is taken from 
Ref. 3-10. The durations the tege and a have the same significance as the 
corresponding parameters of the single-triangle representations of the 
overpressure-time varlation (refer to Fig. 3-6). Note that In Fig. 3-12 the 
durations ti. we and tare referred to the peak side-on overpressure, 
Peo? rather than the peak dynamic pressure, Py. However, In the use of the 
single-triziagle representations of dynamic pressure, the peak dynamic pressure 
from Fig. 3-10 Is used as the Initial ordinate. 

A two-triangle representation of dynamic pressure, for use in 


response computations in which greater accuracy Is desired then Is possible — 
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to obtain using a single triangle representation, is presented in 
Fig. 3-13. The two-triangle representation Is based on the normalized 
dynamic pressure-time curves shown In Fig. 3-11; the first slope follows 


the actual decay closely in the initial stages, and the second slope Is 


‘ 
2 


6 
and Cc, are plotted egainst peak overpressure, Poor in Fig. 3-13. However, . 


e 
drawn to give the actual total impulse. Note that the parameters t,t 


the peak dynamic pressure, Pao? from Fig. 3-10 must be used In the 
computations for the ordinate of the two- triangle dynamic pressure raovedenvetion: 
A three-triangle representation of the aynante pressure Is shown In Fig. 
3-14 (from Ref. 3-10). 

Drag Coefficients. When the time variation of dynaale pressure 
has been established, it Is still necessary to define the loadings which 
the dynamic pressure produces. These loadings ere determined by multiplying 
the dynemic pressure by an empirically developed drag coefficient. The drag 
coefficient, Cale gives the relationship between the dynamic pressure and 
the total translational force on the object In the direction of the wind 
produced by the dynamic pressure, 


FiaC 


é A (3-4) 


do Pg 
where A can be elther the erea of the face upon which the wind impinges or 
the projected area of the body on a plane normal to the wind direction, 
depending upon the manner in which Cao is defined, 

. The lift coefficient, C. is used to define the totel force 


produced on the object in the direction normal to the wind direction by 
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the dynamic pressure. 


aC 


FE L Pa A | (3-5) 


where A has the significance stated above. 

Since the pressures acting on @ Structure are not uniform over 
any one face or generally the same on various faces, drag coefficients 
for surfaces are required to evaluate the loading on a particular surface 


or portion of a surface. A drag coefficient, C for a surface does not 


ds’ 
define the pressure distribution on the surface, but gives the total force 
due to the dynemic pressure ecting on the surface. 


- = Cas Pa A, “y (3-6) 


where F. Is the total force acting normal to the surface due to the dynamic 

pressure and A, Is the surface area, If the point-wlse variation of pressure 
over a surface Is required, i.e. for arch loadings, a drag coefficient, Cap? 
which varies according to the point in question on the surface must be used. 


UY) 
where Pg Is the loading at so particular point on the surface caused by the 
dynemtc pressure. Obviously, soma care Is required to insure that a drag 
coefficient takan from one of the figures Included hereIn is used only in 


the sense for which it wes Intended. 


The evaluation of drag forces is not solely a problem of engineers 
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concerned with protective construction. Similar problems are encountered In 
_ designing structures to resist natural wind forces and In the design of 
aircraft, The body of information gathered in these studies provides our 
major source of information, but care must be used in applying it to nuclear 
blast conditions. The wind velocities asseclated with nuclear weapons can 
be much greater than those occurring naturally. While acronsutical studies 
have been extended to velocities greater than those occurring In nuclear 
explosions, the atmospheric condi ttons encountered near the surface due to 
a nuclear blast are far different from those encountered by a supersonic 
alrcraft In the rarefied air at high altitudes. In addition, the wind 
velocities produced by a nuclear explosion are transient, the velocity changes 
rapidly with time, so flew conditions around an obstecle may not be similar, 
at the seme wind velocity, to those established In a wind tunnel providing 
&@ constant wind velocity. | 

The parameters governing the value of a drag or pressure coefficlent 
Include the free-fleld parameters of the alr: particle velocity (wind 
velocity), pressure level, temperature, and the rates of change of these 
quantities; and the obstacle paremeters: body size, zthepe, surface texture, 
ortentation relative to the direction of wind velocity, ‘sna shielding by 
by the ground surface, other structures, or structural elements. The 
avalleble Information is not adequate to define the effects of all of these 
paremeters; however, It Is possible to recomnend drag and pressure coefficients 
which wlll be conservetive with regard to the neglected parameters. The 
parameter most difficult. to account for Is that of shielding. Some 
discussion of its influence eppears In Chapter 5, but obviously neglect of 


shielding must always result In conservative dasign. 
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The sources used in the following discussion are Ref, 3-14 
which summarizes much of the literature on drag forces, Ref. 3-15 which 
contains design recommendations for resisting natural wind forces and an 
extensive bibliography, and Ref. 3-16 which presents the results of shock 
tube studies of drag forces and gives some indication of the influence of 
transiency on drag forces. 

The Influence of free-fleld conditions on drag forces is expressed 
by two dimensionless numbers: the Reynolds number, R, and the Mach number, 
M. The Reynoids number expresses the relationship between the free-field 
fluid velocity, i.e. for air blast the particle velocity u, the kinematic 
viscosity of the fluld v, and the characteristic bedy dimension L. 

Ro i (3-8) 
The Reynolds number defines the flow pattern about the body; for low Reynolds 
numbers, smooth leminer flow occurs, and at high Reynolds numbers a 
turbulent wake forms behind the object. In a range of critical Reynolds 
numbers the flow may be unstable, varying with time From laminar to 
turbulent and back. The drag coefficient tends to be reduced as the Reynolds 
number increases at a fixed ¥ since the turbule..t boundary layer transmits 
less drag force to the cbject. | 

The Hach number expresses the relationship between the particle 


velocity In the free-field and the velocity of sound, coe in the medium at 


the free-fleld conditions of temperature and pressure 


(3-9) 
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The Mach number may fall into three important ranges: (1), the subsonic 
rane: M<~9.S, in which flow about the object ts everywhere subsonic; 
(2), the transonic range ~ 0.5 < M < ~2, In which flow about the object is 
mixed subsonic and supersonic; and (3), the supersonic range, MH > ~2, In 
which flow about the object is everywhere supersonic. The Mach number may 
be determined to the same precision with which the free-field conditions 
are known, but the extent of the transonic Mach range is entirely a 
function cf the character of the obtect in the flow. 

In order to estimate the range of Mach and Reynolds numbers 

Likely to apply to air biast drag loadings, Fig. 3-15 shows the Initial 


Reynolds number of a body of characteristic dimension L = 1 ft and the 


Initial Mach number as a function of peak overpressure, These Initial 

values are based upon the pressure, terperature, and particle velocity 
lsediately behind the shock front as given by Ref. 3-6. The values are 

not applicable to the transient pressure during the decay of the overpressure, 
since the temperature and particle velocity cannot be assumed to be state 
functions of the transient pressure. These curves are based upon equations 
for properties of air as given in Ref. 3-13. 

The Mech number, given by Eq. (3-9), is a function of the particle 
velocity and the speed of sound c,- The particle velocity and temperature 
immediately behind the shock front, from Ref. 3-6, were used to obtain the 
initial Mach number and initial Reynolds numbtr, plotted in Fig. 3-15. These 
curves represent the maximum values of the Mach and Reynolds numbers which 


will occur for ideal surface conditions and may be used as a guide In the 
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selection of appropriate drag coefficients. 

The curve of Mach number versus peak overpressure given in Fig. 
3-15 indicates that drag coefficients in the transonle range will be of 
major interest. The shock tube studies of Ref. 3-16 extend only to HM @ 
0.45, and the natural wind data of Ref. 3-15 is Intended for application 
at Mach numbers near 0.1, so basic reliance must be placed on the transonic 
dae studies reported in Ref. 3-14. In the transonic range, flow separation 
occurs so the texture of surfaces parallel to the wind velocity will not 
have significant influence on the drag forces: For the same reason, the 
corner sharpness of obstacles which was found significant in Ref. 3-16 
will not have the same Importance end will be neglected nate: 

Figure 3-16, taken from data given in Ref. 3-14 and the curve 
for Mach numbers in Fig. 3-15, shows the drag coefficients corresponding 
to the initial Mach nuzber for various objects as a function of peak 
overpressure, The curves are eppropriate for use in evaluating the total 
translational force on an object using Eq. (3-4). For these curves 
incidence of the wind is assumed to be norma! and A is the projected area 
of the object. The suggested application for each curve is as follows: 

(a2) This curve applies to a flat plate of infinite length 
oriented normally to the free-field velocity. Since the effects of depth 
of the body become Insignificant as the Mach number approaches 1 this curve 
should be applicable to bodies of rectangular cross sectional outline and 
great length at right angles to the free-field velocity. Thus it can be 
applied to an exposed structural section such as a wide flange member or 


angle. Use of this curve Is conservative if the free-fleld velocity Is not 
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normally incident on the section, no better information on the effects of 

ortentation is available than that given beter from Ref. 3-15 for low Mach 
numbers. This latter information may be used with the realization that It 
leads only to an estimate of orientation effects. 

(b) This curve applies to a disc oriented normally to the wind 
direction. Since the effects of length In the direction of the wind 
velocity are minor for Mach numbers greater than about 0.5, this curve may 
ba appt ted to any body with a plane front face normal to the shock front 
with body length in the wind direction of the same order of magnitude as 
the minimum front face dimension. Curve (b) will become unreliable when 
the ratio between front face dimensions varies greatly from 1, tn these 
cases the proper drag coefficient lies between curves (a) and (b). 

(c) This curve applies to a long cylinder with the exis In the 
plane of the shock Front. It may reasonably be applied to a sent-cylindrical 
Structure lying on a surface; this is conservative since the surface boundery 
layer is neglected. 

For a cylindrical section of less than 180 degree central angle,. 
this curve is conservative. The scheme suggested in Fig. 5-4 for angular 
variation of the drag pressure can be applied as a guide to the point-wise 
distribution of pressure on the surface, 

(d) This curve applies to a sphere. It may be ‘ved to establish 
&@ lower bound for the loading of a short cylinder with Its axis-In the plane 
of the shock front. It may also be used in conjunction with Fig. 5-7 to 


evaluate the drag pressures on a dome following the procedure outlined 


above for arches. 
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The curves of Fig. 3-16 yield the total drag force on an object, 
not the pressures on indIlvIidual faces due to the dynamic pressure. The 
average pressures on faces exposed normally to the wind velocity can be 
determined from the drag coefficients given in curve (a) of Flg. 3-17, 
derived from data for discs In Ref. 3-14, and the curve of initial Mach 
number from Fig. 3-15. For faces separated from the flow stream (at Mach 
numbers greater than 0.5, this includes side and rear faces) curve (b) of 
Fig. 3-17 gives the rear surface drag coefficient. This curve was derived 
from data for discs In Ref, 3-14. This rear face drag coefficient also may 
be applied to side and top surfaces, Note that these negative pressures 
do not denote a suction on these faces, but rather that the overpressure 
level is reduced by the amount CysPye Curve (c) of Fig. 3-17 gives the ratio, 
Pu/P gs of the stagnation pressure to the dynamic pressure. The stagnation 
pressure is the maximum drag induced pressure on an obstacle. It is | 


computed from Eq. 16-4 of Ref, 3-14: 


p! 2 4 
d 4 al 
For M <1, " I+ a + 40 + 


d 
(3-10) 


For H> 1, of» 1,84 - 2276 4 0.188 , 9.095 
d M | M 
where P4 is the stagnation pressure. 
Reference 3-15 presents data for drag coefficients of normal 
Structural forms for wind loadings. While the Mech number must be considered 
to be very low, the indicated effects of Silenation and shape provide the 


only available basis for judgment. Figure 3-18, from Fig. 5 of Ref, 3-15, 
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shows the effect of orientation on the drag, Lift, and center of action 
ecattreients for flat plates of three ratios of length to height. The 
area used with the drag or lift coefficient to compute the total force 
remains the area of the plate face. Figure 3-19, from Tabie 2 of Ref. 
3-15, presents some data on the effect of the length to height ratio on 
the drag coefficients of flat plates, flat plates on the ground, and 
rectangular parallelepipeds (not in contact with the ground). Figure 3-20, 
from Table 3 of Ref. 3-15, presents the drag coefficients and Lift 
coefficients for long structural sections with exes In the plene of the 
shock front. Note that lift as well as drag must be eSadidared for 
unsymmetrical or non-normally oriented structural shepes. Figure 3-21, 
from Fig. 6 of Ref. 3-15, presents drag coefficients ats function of 
Reynolds number for low Hach numbers. It may be considered egplicable for 
pressure levels below the trensonic Mech range, or roughly, below 20 psi. 
It is believed that the drag coefficients and pressure cesffictents 
from Figs. 3-16 and 3-17 provide the best svailable data for determining 
the forces due to the dynamic pressures from nuclear blasts, These dreg 
coefficients are considered to be applicable fer non-ideal as well as ideal 
surfece conditions since the influence of non- ideal surface conditions is 
properly expressed in the dynamic pressure, Pa However, the ratio between 
Mech number and overpressure, used to compute the curves of Fig. 3-16 and 
3-17 Is not rellable for onleesi blast waves, In all ingtances the érag 


coefficients given in Fig, 3-16 and 3-17 sre conservative compared to those 


. given in Figs. 3-18 to 3-20. The norma! incidence condition comsanly provides 
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the peak drag force but members should be capable of resisting the lift 
forces occurring when incidence is non-normal, Aueneuak the applicability 
is questionable, some guidance as to the magnitude of the lift force can be 
obtained from Fig. 3-18 and 3-20. 

References 3-1 and 3-17 contain recommendations concerning drag 
‘coefficients which may be compared with those obtalned from Fig. 3-16 and 
3-17. Reference 3-17 recommends drag coefficients of about 2 for structural 
shapes, 1.5 for box elements or flat plates, and about 0.8 for cylindrs. 
Except for the box elements, these values are smaller than those given 
in Fig. 3-16. Reference 3-1 gives a drag coefficient of 1.0 for the front 
face of a box structure, which corresponds to that for a Hach nusbder of 1 
in Fig. 3-17, and the following variations with dynamic pressure for the 


drag coefficients for sides, top and rear face of a box structure: 


Dynamic Pressure Drag Coefficient 


Py Cas 
0-25 psi -0.4 
25-50 psi -3.3 
50-139 psi -0.2 


The values given In Fig. 3-17 tend to be greater than the above for the 
higher pressures. The suggested drag coefficient for cylinders in Ref. 
3-1 ts 0.4 for pressures lower than 25 pst. Curve (c) of Fig. 3-16 appears 


quite conservative for low pressures. 


In the use of the drag ccoeffisients given in Fig. 3-16 and 3-17 
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the following procedure should be conservative. Obtain from Fig. 3-16 or 
3-17 the maximum appropriate drag coefficient corresponding to the peak 


overpressure, p._, or to a lower overpressure, and use this coefficient 


so 
throughout the dynamic pressure history. If it Is assumed that the Mach 
number from Fig. 3-15 is the same function of the transient overpressure 
that it Is of the peak overpressure, a time dependent drag coefficient 
of interest may be obtained. The latter procedure is not strictly valid 
but it provides an indication of the degree of conservatism Involved in 
the aforementioned simpler procedure. 

3.2.4 Effects of Sur fies and Topography. The material previously 


presented on the variations of overpressure and dynamic pressure with range, 


yield, and time apply for ideal surface conditions - a smooth, plane, 


rigid reflecting surface. Ideal conditions may be considered to exist in 


_ areas of relatively flat topography where the surface matertal is not a 


good ebsorber and radiator of heat and is not picked up by the blast wave. 
Examples of ideal surfaces include water, snow, and concrete pavement. Two 
major types of deviation from ideal conditions may be defined: deviations 
produced by topography, i.e. non-planar surfaces; and deviations produced 
by the character of the surface material. It Is not possible to glve a 
quantitative formulation to the effects of non-Ideal ground conditions since 
nature gives us én infinite varlety of ground conditions, but the major 
features of the variations produced are discussed tn the following 
paragraphs. 

If the ground surface is not planer, but rather contains 


topographical features such as hills and valleys, the charecterIstics of 
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the overpressure pulse will be changed. Reference 3-3 summarizes an 
extensive experimental study of these phenomena. To note briefly the 
results, a decrease in ground slope results in a decrease in peak over=- 
pressure while an increase in ground slope produces an increase in peak 
overpressure, As the incident level of peak overpressure increases, the 
change in peak overpressure caused by a given change in slope becomes a 
smaller proportion of the incident overpressure. For a veal Sidéton 
overpressure greater than 25 psi, in the region of Mach reflection, a 
change of slope greater than 17 degrees is required to change the peak 


overpressure by 25 percent. If extreme slope conditions are present in 


the vicinity of the structure being designed, the reader may wish to 


refer to Ref. 3-3 for more detailed information. Unfortunately, the data 
aecented there does not extend to peak overpressure levels in excess of 

30 psi. As a guide, for lack of better information, the curves presented 
in conjunction with the material on Air Blast in Tunnels and Ducts in 

Sec. 3.3 may be used for large magnitude slope changes at high overpressure 
levels. 

The character of the ground surface also influences the air blast 
parameters. A theoretical study of the effects of the surface, with 
correlations with field test results, may be found In Ref. 3-4, The 
significent surface effect, known as the precursor, can occur for low burst 
heights over heat absorbent, effective radiating surfaces such as dusty 
desert, coral, or asphalt. Thermal radiation from the fireball produces a 


heated layer of air adjacent to the surface through which the blast wave can 
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Propagate more rapidly than in the ambient air. A non-ideal wave form 
with a slow rise to the first peak in overpressure, usually followed by a 
slow decay in pressure, and then a second peak results. This causes a 
decreased peak overpressure but a increased overpressure Impulse, and the 
dynamic pressures tend to be greater than those associated with an ideal 
overpressure pulse. - The increased dynamic pressures can be attributed to 
higher particle velocities and to mechanical effects such as the greater 
density of dust-laden air. The precursor effects tend to occur at over- 
pressure levels between 10 and 250 psi for surface and low air bursts. 

An indication of the variation which may be expected in peak dynamic 
pressure is shown in Fig. 2-2.1 of Ref. 3-18. The figure ts not reproduced 
herein wince tt must be emphasized that reliable techniques for establishing 
the peek values and time veriations of overpressure and dynamic pressure 
under non-Ideal conditions are not yet available. The best available 


information concerning these quantities may be found in Ref. 3-2, 3-4 and 


3-5. 


- 3.3 AIR BLAST IN TUNNELS AND DUCTS 


When the air blast wave propagating over the worencdcls allowed 
to enter a tunnel or dict, a new wave front is formed inside the tunnel 
and this shock propagates throughout the tunnel. Energy losses and one- 
dimensional expansion will decrease the peak Ghsiprcs sure es the shock 
progresses along the tunnel, At the same time the peak overpressure may 


be increased or decreased as a result of the geometry of the tunnel complex. 
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For example, a gradual decrease In tunnel diameter would tend to increase 
the strength of the shock. On the other hand, bends, junctions, and 

increases in tunnel diameter would tend to decrease the shock strength at 
the wave front. Consequently, the design of interior doors, blast valves, 


etc., requires a detailed analysis of the air blast wave propagating in 


“the tunnel system. Such an analysis will generally require consideration 


of factors such as entrance losses and shock formation in the tunnel, 
attenuation of peak pressures along straight sections of tunnel, effects 

of bends or junctions, effect of area changes along the tunnel, and perhaps 
the expansion of the pressure wave Into chambers. 

There do not exist at present sufficient empirical data or 
analytical methods to determine tunnel pressures for all possible cases 
even If the surface pressures are eccurately known. There does exist 
sufficient information to allow designers to make reasonable estimates of 
tunnel pressures for many cases from free streem conditions et the tunnel 
entrance and a knowledge of the tunnel configuration. The primary sources 
of information are shock tube studies of model tunnel systems, (Refs. 3-19, 
3-20, 3-21, and 3-22), end a semi-empirical solution in Ref. 3-20 for the 
maximum peak overpressure occurring in tunnels developed by Clark and 
Taylor at the Ballistic Research Laboratories. The maximua tunnel overe 
pressures presented by Clark and Taylor are based on an analogy between the 
expansion of a pressure wave in a shock tube when the diaphragm separating 
the compression and expansion chambers is instantaneously ruptured and the 
entry of a pressure wave into a tunnel. The results obtained from this 


analogy are discussed below. The references mentioned above present data 
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on shock attenuation in straight tunnels and the effects of bends and 
junctions. Except for one study reported by Armour Research Foundation 

in Ref, 3-9 there is fittle information available concerning the effects 
of changes in cross-sectional area along a tunnel. Finally, information 
pertinent to the expansion of pressures into a large chamber is limited 

to incident peak pressures less than about 30 psi, Ref. 3-22 and 3-23, 

and specific chamber geometries. It is sonerent that much more information 
than is presently available on the behavior of shock waves in tunnels 


is needed. Consequently, it must be assumed that some of the data 


. presented herein will require re-evaluation as the results of new research 


become avatlable,. 


In the following discussion the various factors affecting shock 
Propagation in tunnel systems are reviewed and, where possible, data and 


procedures for predicting tunnel pressures @re given. 


3.3.1 SHOCK FORHATICN IN STRAIGHT TUNNELS 

The entry of a shock wave into a tunnel is acccopanted by 
reflections and the formation of vortices near the portal. At some distance 
inside the entrance a more-or-less plane shock front is formed which 
continues to advance into the tunnel. Tite maximum peak overpressure will occur 
nesr this point in the tunnel where the new front is formed. As the shock 
wave progresses along a straight tunnel, the peak overpressure at the wave 
front continually decreases due to friction losses on the tunnel walls, 
the viscosity of the fluid,.and the rate of pressure decay following the 
shock front. The magnitude of the maximum peak overpressure at the plane- 


shock-fermation distance depends upon incident overpressure, the engle of 


3-24 


( 
| 
| 


incidence between the tunnel axis and the direction of propagation of the 7 
air blast wave, and the topography of the ground surface near the portal. | 

Fig. 3-22 shows the relationship between the maximum peak over- 
pressure ina tunnel and the incident peak overpressure for three angles 
of incidence. Each of the three cases is discussed individually below. 

7 (a) Side-on Tunnel. In this case it is assumed that a tunnel or 
shaft is engulfed as the blast wave moves across the surface perpendicular 
to the tunnel axis. The diffraction of the wave over the entrance is 
somewhat similar to that shown in Fig. 3-23 which depicts the passage of 
a plane shock wave over an infinitely wide rectangular slit. Fig. 3-23(a) 
shows the expanding wave as it enters the tunnel or slit. The pressure 
jump across the front at point 2 is less than that at point 1 as a result 
of the expansion of the wave. In Fig. 3-23(b) the slit has been completely 
engulfed and the wave advancing into the slit has been reflected by the 
side walls, The front labeled 2, represents the original front which 
entered the slit. In Fig. 3-23(c) turbulent flow near the entrance is 
indicated by the vortices which are represented by the swirling flow. As- 
these vortices shed and move down the tunnel, they cause pressure 
variations in the tunnel. The formation distance, or distance required for 
the wave fronts shown in Fig. 3-23(b) to coalesce, is not definitely known. 
However, gages located a distance of seven dismeters from entrances in | 


model tunnels used in shock tube studies, Ref. 3-20, Indicate that the 


tunnel shock front has already formed at that distance. se 
The pressure relationship for the side-on case shown In Fig. 3022 


indicates that the maximum peak overpressure developed in the tunnel Is 
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less iRencthe incident peak overpressure as would be expected from Fig. 
3-23(a). This relationship is based on shock tube studies of Ref. 3-22 
in which the Incident pressure varied from about 7? to about 850 psi. The 
measured maximum peak overpressures were generally within approximately 

- 20 percent of those indicated by the relationship shown in Fig. 3-22. 
Since most of the data used in the BRL analogy is for a shock wave of 
constant pressure, the resulting relationships given in Fig. 3-22 are 
applicable only if the positive sheseaaration: ty» satisfies the follow- 


ing criterla: 


(3=11) 


where D is the tunnel diameter In feet and cy Is the ambient sound velocity 
in feet per second. For weapons with a yleld greater than one MT, the ~ 
positive phase duration is about one second as a minimum. Consequently, 

Eq. (3-11) indicates that the relationships given In Fig. 3-22 are epplicable 
to tunnels with a diameter of less than about 22 feet. 

(b) _ Feceeon Tunnel, In this case the tunnel axis Is coincident 

with the direction of propagation of the air blast wave on the surface 

and the surface geometry at the tunnel entrance exerts a considerable 
Influence on the development of the tunnel shock. If the tunnel is centered 
in a large reflecting area such as a sheer cliff, the entrance of the tunnel 
ts immediately immersed in an extensive reflected pressure region when the 
Incident wave strikes the face of the cliff. If the reficcted pressure 
region is not relieved by diffraction around the cliff or by other means 


before the tunnel shock Is completely formed, the maximum peak overpressure 
rN 
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in the tunnel will exceed the incident peak overpressure. In this case 
the formation distance was found from shock tube studies, Ref. 3-22, to 
range from 5 to 10 tunnel OG masiers. At the other extreme, If there is 
no reflecting area at an entrance such as the entrance of a pipe, the 
tunnel would merely confine the incident pulse to a one-dimensiona} 
expansion. This would result in a maximum overpressure in the tunnel 
approximately equal to the free stream overpressure at the entrance. 

The relationship between maximum peak overpressure in the tunnel 
and the incident overpressure shown in Fig. 3-22 is the best fit to shock 
tube data. It assumes that the tunnel entrance is surrounded by a large, 
vertical, smooth sab incting surface. This relationshtp is based on data 
collected by BRL for incident pressures ranging epproximately from 4 to 
90 psi and limited ARF data from Ref, 3-19 for pressures up to about 200 
pst. No data is available for higher pressures, the dashed part of the 
curve shown in Fig, 3-22 is an extrapolation. 

The face-on pressure relationship is strictly valid provided that 
the distance between the edge of the tunnel and the edge of the reflecting 
surface is at least five tunnel diameters. Any rigid surface capable of . 
withstanding the reflected pressure can be considered an adequate reflecting 
surface; unless It has a roughness with perturbations comparable In size 
to the tunnel diameter the surfece can be considered smooth. Finally the 
same duration criterion, Eq. (3-11), given for the side-on case applies. 
In any event, the face-on case as described forms an upper limit since 


smaller distances between the tunnel and the edge of the reflecting area 
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or smaller durations than required by Eq. (3-11) will result in lower 


pressures in the tunnel. 


(c) Oblique Case (45°). In this case the angle between the 
tunnel axis and the direction of propagation of the air blast wave is 45°, 
The relationship given in Fig. 3-22 between maximum peak overpressure in 
the tunnel and incident peak overpressure was derived in Ref. 3-24 from 
shock tube studies of model tunnels reported in Ref. 3-19. The slope of 
the resulting curve was slightly adjusted to conform to the more reliable 
relationships for the side-on and face-on cases. Since the range of 
available shock tube data is Limited, the oblique case relation is shown | 


as an extrapolation (dashed curve) for both higher and lower pressures. 


3.3.2 EFFECT OF BENDS AND JUNCTIONS, 

(a) 90° Bends. If a sharp turn Sk bend Is incorporated in a 
tunnel system, it will reduce the peak pressure at the shock front provided 
there is no change in the cross-sectional area of the tunnel, Shock tube 
studies performed by the Ballistic Research Laboratories, Ref. 3-21, indicate 


that a single, sharp $6° bend in @ tunnel will reduce th k pressure by 


® 
a] 
° 
0 


approximately six percent. Thus the peak pressure, Pye after n such turns 
is 
n 
P,P, (0-94) . (3-12) 


where P. is the peak overpressure in the tunnel just ahead of the first 
turn. €q. (3-12) assumes that there are no losses from either friction or 


pressure attenuation between bends. It further assumes that the positive 
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phase duration is greater than SOD/C.. The shock tube data, upon which 
Eq. (3-12) is based, were restricted to pressures less than 20 psi and 
they indicated that the attenuation might be [fess for flower pressures 


(about < psi). 


The effect of biinhel: bonds: wae studied by Armour Research 
Foundation, Ref. 3-19. In these tests the model tunnels were artifically 
roughened and included two 90° bends separated by a ieagth of 10 diameters. 
The results indicate a peak pressure reduction due to the bends of about 20 
percent, If approximate losses resulting from fricticn are substracted from 
total peak pressure losses. Eq. (3-12) gives about 12 percent reduction 
for two turns, In the Armour tests, Pus varied from 30 to 225 psi and they 
indicated that the pressure attenuation increased slightly with Increasing 
peak pressure. It is apparent that the pressure attenuation resulting 
from bends also should be related In some degree to the radius of curvature 
of the bend. In the ARF tests the radius of curvature of the bend was one- 
half the tunnel diameter, Ref, 3-19. The exact value used In developing 
Eq. (3-12) was not reported. Reference 3-19 also states that pressure 
attenuation is insignificant If the radius of turn is greater than about 
five times the tunnel diameter. However, no indication is given as to the 
manner in which the attenuation varies with change in radius of curvature. 

(b) T-Shaped Tunnel Junctions. Fig. 3-24 shows the relationships 
between Incident and transmitted peak overpressure in the various branches 
of a T-shaped tunnel junction. These relationships are valid only when 
the intersecting tunnels are of equal cross-sectional areas and the positive 


phase durations exceeds SOD/C,. The curve labeled 1 In Fig, 3-24 Is based 
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on the Ballistic Research Laboratories shock tube analogy and has-been sub- 
stantiated by shock tube studies for peak overpressures up to about 60 psi 
in Ref. 3-20. The curves labeled 2 and 3 in the Fig. 3-24 are empirical 
and are based on shock tube studies, Ref. 3-20. 

“te a tunnel is side-on to a main tunnel of much larger diameter, 
the situation is similar to the entry of the air blast wave into a side-on 
‘inhel at the surface. In such cases the relationship shown for a side-on 
tunnel in Fig. 3-22 can be used to calculate the peak overpressure in 
. the side-on tunnel. Correspondingly little, if eny, decrease in the peak 


overpressure In the main tunnel would be expected. 


3.3.3 ATTENUATION OF PEAK OVERPRESSURE IN STRAIGHT TUNNELS, 

In paragraph 3.3.1 it was noted that the attenuation of peak 
overpressure in a tunnel depends on wall friction, fluid viscosity and 
the time rate of decay of pressure at the shock front. This problem has 
recently been studied at the Armour Research Foundation (ARF) and Ballistic 


Research Laboratories (BRL) and their results were published In Ref. 3-19 


and 3-21 respectively. The results of these two studies give a slightly 
different picture of the pressure attenuation, and an absolute comparison 
of the results is tmoossible without test data more detailed than that 
given in the published reports. In the ARF tests of Ref. 3-19, model 
tunnels having diameters of 2, 3.5 and 8 inches with both smooth and 
artifically roughened walls were tested in the shock tube. These tests 
resulted in relationships between shock strengths and scaled length, L/D, 


where L is distance along the tunnel and D is tunnel diemeter. In this 
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dimensionless form only the smooth wall data were independent of diameter. 
BRL studied, in Ref. 3-21, the attenuation in smooth model tunnels that is 


dependent on the initial slope of the pressure decay curve. The BRL study 


also includes an approximate analytical solution for pressure attenuation in 


which no account is made of entropy, viscosity, or heat transfer to the 
tunnel walls. The results of the BRL analytical study were compared with 
shock tube tests using smooth wall tunnel models, 

Subsequent to the publication of Ref. 3-22, Mr. R. 0. Clark 
developed the following expression for the peak pressure, Pox? expected at 


a distance L from a tunnel entrance: 


Al 
ot 1 Mt (3-33) 


\ 
\ 
t 
¢ 


where Pas = peak overpressure at the tunnel entrance 
D == tunnel diameter 


+ - 
u c) So 


» particle velocity 


° 1 + Pool Py 
co * sonic velocity eer, behind the front 


oy (e—2 + Po +7 Py 
ae = +7 Py 


c. = sonic velocity ahead of the front 


t = Initial tangent duration of the overpressure-time relaticaship 


A = aconstant. A= 28 describes the average of the expirical data. 


A = 16 deseribes the upper envelope of the data. 
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In Eq. (3-13) the pressure attenuation resulting from wall friction and 


~AKL/D 


fluid viscosity is taken as e and the attenuation associated with the 


steepness of slope of the pressure-time curve as o ht: 
Eq. (3-13) along with the previously referenced results of Armour 
Research Foundation form at present the scnly bases for predicting pressure 


attenuation for design purposes. If Eq. (3-13) is used, the following values 


of the various parameters are suggested: 


A s 16 ~~ 
c, tu \ 
t =st_+ 1/4—-——— KL (second), where t, may be obtained from Fig. 3-7 : 
ro) cy 
Ps. = maximum peak overpressure in a tunnel from Fig. 3-22 


The parameter K varies from 15.4 x 107° to 7.4 x 107° sec. per ft. for values 
of Piss from 50 to 1089 psi and in this range K = i074 is a reasonable average 
value for use. 

It should be noted here that Eq. (3-13) appears to indicate slightly 
more attenuation for tunnel distances less than ebout 30 diassters, than 


reported by ARF, 


3.3.4 BLAST LOADING ON DOORS AND BLAST VALVES ZN TUNNELS AND DUCTS. 

The shese of the essumed pressure-time relationship for a closure 
device in an elementary tunnel configuration is shown in Fig. 3-25. This 
loading consists of the overpressure-time relationship that would exist 
at a distance lL from the entrance If the tunnel were not sealed plus a 
reflected pressure spike. 


if the tunnel length Is greater than ebout five times the tunnel 
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diameter, D, the peak overpressure at a distance L can be determined from 
the data presented in Paragraph 3.3.3. The shape of the overpressure-time 
curve at this distance can be assumed to be the apprcepriate idealized shape 
‘ . from Fig. 3-4 if better estimates of those shapes are not available. 
Theoretical considerations, Ref. 3-21, indicate that an increase in duration 
of the positive phase accompanies that part of the pressure attenuation 
associated with the rate of decay of the pressure behind the shock front. 


i] 
The new duration, ty is given by the following equation: 


c¢, tu 
tet + rel - Je (3-14) 


° 


where ty is positive phase duration at the tunnel entrance. The remaining 
terms in Eq. (3-14) are functions of the peak pressure at the shock front 
and are defined in Paragraph 3.3.3. As a conservative estimate, Eq. (3-14) 


may be taken as 


; c) +u 
tut, + xi] - | (3-15) 


» can be taken from Fig. 3-2. The duration 


The peak reflected pressure, Pio 


of the reflected pressure spike, to is given as follows 


tet 


: 
pc + vw. ; (3-16) 


r 
where ue is the net velocity of the reflected shock wave and Cc. is velocity 
of a rarefaction wave in the compressed gas in the tunnel, ves C. and U, 


the incident shock velocity, are pletted in Fig. 3-26 as a function of the 
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incident peak overpressure on the door. These velocities should be used 

for relatively short tunnels only. If the tunnel leading to the closure 

is very long, the Velocity of the reflected and Earerection waves OT ee 
vary with pressure. 

If the door is mounted flush at the entrance of the tunnel, the 
loading function depends upon the orientation of the tunnel entrance with 
respect to the direction of travel of the air blast wave. For example, 

a horizontal door placed flush at the ground surface would be loaded only 

by the incident overpressure-time curve. On the other hand, a door in an 

entrance that is constructed in a vertical cliff may experience a loading 

pulse similar to that for the front surface of an above ground rectangular 
structure. 

If the distance from the tunnel entrance to the closure device 
is less than about five times the tunnel diameter, the conservative 
approach would be to use a loading equal to that at 5D unless the door Is 


approximately flush, i.e., L = 0. 
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The same types of triangular representations were used for dynamic 
pressure-time curves, designated as tog, tag. and t;, but for convenience 
of use the pressures are expressed in terms of peak overpressure instead 
af peak dynamic pressure. For dynamic sressure the duration of the positive 
phase is designated as Da: : 
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REPRESENTATION OF OVERPRESSURE-TIME 
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FIG. 3-7 DURATION OF EFFECTIVE TRIANGLES FOR 
CURVES 


NE LENTIL TN SN a TT IE TAA tO IEE A TEE I EM ST PPM TIL SIME RM ETN RN YE TE TIN Ne PIP Pg ene 


so 
5 
= 0.5 
go Pes 
2 
a. 

— Overpressure time curve 
fe) : " : =a ers; Dm ¢ 
‘oo «= ts t | D5 
Time,sec 
The same types of triangular representations were used for dynamic 7 
pressure-time curves, designatedas t'.., t'.,, andt!, but for convenience © 


of use the pressures are expressed in terms of peak overpressure instead 
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CHAPTER 4, FREE-FIELD GROUND MOTION 


4.1 INTRODUCTION 

Free-field motions are discussed In two separate categeries, 
air-induced ground motions produced by the air-blast energy, and direct- 
transmitted ground motions produced by the energy imparted to the earth 
at the point of detonation. The ground motion observed at a given point 
Is a comp lex combination of alr-induced and direct-transmitted effects 
and is generally dependent upon the distance from ground zero, the depth 
of the point, weslegte conditions, weapon yield, and helght of burst. 

| The expressions and techniques recowsended herein for use in 

design are based upon field test observations end theoretical studies. 
Neither the theoretical background nor the available field test data is 
sufficiently complete to make the predictions of response as precise as 
those commonly used In engineering design for static loads. Most of the 
design expressions are based upon elastic one-dimensional wave theory, 
covered in Appendix C, which is only an approximation of the deforaation 
conditions in the earth. Hore exact theories are available, but the 
use of these more complex formulations of blast-induced ground motions 
cannot now be justified in the light of the present Inadequate knowledge 
of the dynamic stress-strain properties of earth media. 

The experimental data available comes largely from measurements 
made at the Nevada Test Site and the Eniwetok Proving Ground. The soil 
formations in these areas are far from representative of those occurring 


in most parts of the United States. The scatter in the data is great 


41 
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because of the Inherent variability of the loading and the soil conditions, 
and because of the adverse conditions under which such measurements must 
be made. The design expressions and techniques recommended herein are as 
good as can be offered at present. 

Research in all phases of the area is now in progress, e.g. in 
the theory of the propagation of waves through non-uniform non-elastic media, 
in the stress-strain-time characteristics of earth media, and in laboratory 
and field Investigations of the response of dynamically loaded solids, It 
may be assumed that the recommendations presented herein will be modified 
as our knowledge in the erea is increased. 

Section 4.2 deals with the evaluation of ground motions induced 
by the air-blast; Section 4.3 discusses the ground motions caused by direct- 
transmitted energy from the point of detonation; and Appendix C presents 
the theoretical background upon which most of the computations are based. 
No effort is made to provide a thorough diseuseion of nuclear weapons effects, 


since the reader is expected to have access to and a working knowledge of 


_ Ref. 41, 


4.2 AIR-INDUCED GROUND MOTION 

4.2.1 Introdustion. Atr-induced ground motions are functions of 
the eir-blast characteristics sbove the point of interest and the properties - 
of the earth medium. Considering the air-blast characteristics, the air- 
induced ground motions can be grouped into two general categories, those 
occurring under superseismic conditions (I.e., when the velocity of the eir 


blast front exceeds the dilatational wave propagation velocity of the medium), 


4-2 


and those occurring under outrunning conditions (i.e., when the air-blast 
velocity falls below the dilatational wave propagation velocity of the medium). 


For the superselsmic condition the surface overpressure-time variation 


directly above the point of interest controls the ground motion and the 


deformation conditions correspond reasonably well to those assumed in one- 
dimensional wave theory. (Refer to the discussion of wave propagation 
theories in Appendix C.) For the condition of outrunning ground motion, 
the air-induced disturbance travels more rapidly In the ground than the 
air-blast travels along the surface, This condition results tn an 
alteration of the deformation conditions in the ground and considerably 
complicates the computation of response. 

Extensive research in recent years has resulted in reasonably 
reliable techniques for the evaluation of air-blast characteristics, end 
considerable progress has been made in the study of the response of solids 
of known properties to moving surface pressures; but the knowledge of the 
properties of earth media, particularly the stress-strain relations as a 
function of time rate of loading, is not yet sufficiently advanced to make 
possible full use of our ability to comoute the response of a medica, 
Section 4.2.3 deals with the present state of our knowledge concerning the 
dynamic stress-strain properties of earth media, and discusses the available 
techniques for evaluating the properties of a given natural deposit. It 
must be emphasized that no computation of ground motion will be more 
reliable than the soil parameters used es a basis for the computation. The 
soils investigation and analysis must form a major portion of the design 


effort for any protective installation. 
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The major portion of this section is concerned with the presen-— 
tation of the expressions and techniques required for the evaluation of 
ground motions for superseismic conditions. A brief discussion of the 
outrunning condition is presented with some essentially empirical expres- 
sions for estimation of the ground motions in Section 4.2.7. 

Air-induced ground motion phenomena are not yet completely under- 
stood. The expressions presented herein have thelr theoretical foundation 
in the one-dimensional wave theory which is often an exceedingly crude 
representation of the actual state of deformation in the earth. Theoretical 
studies which consider the ground to be loaded by a two or three dimensional 
representation of the air-blast loading offer considerable promise of 
increasing our understanding of ground response but as yet expressicas of 
sufficiently simple form to be precticable for epplication in desien have 
not resulted from these studies. Most of the experimental data available 
that are pertinent are reviewed In Ref. 4-2 and 4-3. With the exception of 
surface or near surface observations, there are relatively few measurements 
against which to check theoretical studies, For those underground 
measurements which do exist, the records ere difficult interpret since they 
reflect not only the measurement technique, but also the non-hoemogencous 
properties of the soil. Reference 4-2 provides a detailed correlation of 
the measurements of ground motions with the theoretical studies, but the 
scatter in the msasurezents for theoretically similar conditions indicates 
the difficulty of describing sisply the behavior of complex, non-henogeneous 


earth media. Furthermore, most of the experimental data were obtalned 
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in the unique soil deposits of the Nevada and Pacific Proving Grounds. 

As a result, the techniques presented for the estimation of 
ground motions are based largely on elementary theoretical considerations, 
consideration of the available test data, and the best available judgment. 


4.2.2 Stress Attenuation. The theory of one-dimensional wave 


propagation [In an Infinite homogeneous medium, discussed in Appendix C, 
gives no attenuation of stress with increasing depth. Attenuation is 
known to occur and it can be attributed to two causes, absorption of energy 
by the medium through inelastic deformations end by three dimensional or 
spatial dispersion of the air blast ener. 

Attenuation from Inelastic Deformations 

As noted above, no attenuation of the pressure with increasing 
depth occurs for an elastic medium under one-dimensional loading. However, 
In a medium which is not perfectly elastic, but rather elasto-plastic 
and/or visco-elastic in its stress-strain-time behavior, the peak pressure 
will attenuate with increasing depth as a result of non-conservative energy 
Snsorperen by the medium. Several studies of the response of inelastic 
media have been performed. In Refs, 4-4, 4-5, and 4-6 the governing equations 
for the response of visco-elastic media for one, two and three dimensional 
loadings are presented, However, solutions sufficiently detatled to provide 
information in a form usable by designers of protective facilities are 
not yet available. The shortage of detailed solutions results from the 
computational problems involved in evaluating the solutions and from the 
lack of knowledge of the proper formulation for the dynamic stress-strain- 


time properties of earth materials. References 4-7 and 4-8 present one- 
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dimensional formulations of the problem of pressure attenuation due to 
inelastic behavior of a medium for which results have been obtained. 
In the latter reports attenuation was studied by means of a 
mathematical model consisting of discrete masses connected by springs 
and dashpots. The behavior of the model requires that a finite rise 


time be used for the overpressure-time function studied, which limits 


the closeness with which an air blast pressure-time curve can be approxi- 
mated, Illustrative of the effect of a visco-elastic medium on the wave 
form is Fig. 4-1 (Fig. 9 of Ref. 4-8). This effect is characterized 
by a reduction in peak pressure, an increase in rise time, and a decrease 
in the decay rate beyond peak pressure with increasing depth. 

Spatial Attenuation 

The attenuation of stress with depth resulting from three- 
dimensional dispersion as a shock wave propagates across the ground surface 
has been studied, Refs. 4-7 and 4-8, by assuming the soll to be en elastic, 
homogeneous, isotropic, massless medium bounded by a hortzontal plane 
surface which was loaded by static, distributed, verticsl loads on a 
finite area of the surface. These assumptions permitted the use of 
BoussInesq's Equations, Ref. 4-9, for the determination of the stress at 
any point within the semi-infinite medium. Consequently, assuming the 
distribution of overpressure on the surface at any particular time to be 
known, the correspcnding subsurface stresses were computed by treating 
the surface loads as instantaneous static loads. Since the medium. was 
assumed to be massless, the shock trensmission velocity was infinite; 


therefore, it was possible to study the variation of stress with time 
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at a given point by stopping the shock front at sueeeesive times in its 
progress across the surface of the medium and computing the subsurface 
stresses by integrating Boussinesq's equations over the varying distributed 
. surface loading. 
The effect of spatial attenuation on the maximum stress based 
is upon the computational technique described above is shown in Fig. 4-2 for 
| weapon yields of 40 KT, 1 MT and S MT, for surface pressures of 100 and 
200 psi, to depths of 200 ft. By study of these results it was possible 
to express the spatial attenuation as a function of yield, peak over- 


pressure and depth, see Eq. (4-1). 


Formulation of Stress Attenuation with Depth 

The peak stress value in the medium decreases with Increasing 
depth from the maximum value of Peo at the surface. The attenuation is 
a result of spatial dispersion of the energy of the blast and of Inelastic 
behavior of the medium, If, as recommended in Ref, 4-7, only the eetsiiacion 
due to spatial dispersion is considered, the peak pressure values determined 
should be conservative. 

If only spatial attenuation is considered, using the approximate 
technique of Ref. 4-7, the attenuation curves of Fig. 4-2 can be represented 


by the expression 


Attenuation Factor 


- (4-1) 
l + CL 
Ww 


where 


which is plotted in Fig. 4-3. 


The peak vertical stress at depth z can now be expressed as 


a function of the peak side-on overpressure and the attenuation factor. 


Peak Vertical Stress ; 
a 
Pvp = ““z Pso (4-2) 


Note that to correspond to comnon soil mechenics convention for stress, 


compressive stress is considered to be positive. To avoid confusion 


with the equations in Appendix € for the one-dimensional wave theory, 
for which tensile stresses are considered to be positive, the symbol p 


is used for compressive stress. Note too, that the increment of stress 


herein discussed is not the total stress effective at the depth in 
question, but the stress due to the air blast loading. 


Horizontal Stress 

Generally the horizontal stress, Pye In the soil is taken as 
some constant, K, times tie vertical stress, Py» Or Py = Kp The 
magnitude of K depends on the properties of the soil, the degree of satu- 
ration, the stress level, and the conditions of lateral .strain imposed 


on the soll element. 


If in the soil element shown in Figure 4-4 an increment of 
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vertical stress PY, is applied, producing an increment of vertical strain 
€,» the lateral strain eh will depend on the increment of lateral stress 
Ph induced. As discussed in Section 4.2.1, the ground displacements due 
to air-blast are considered to be one-dimensional with only vertical strain 
occurring; therefore, the K-values of practical importance are those 
corresponding to zero lateral strain, €, ™ 0. For this cave: K is denoted 
as Ke and is defined as the ratio of the principal stresses, P,/Py- Where 
outward lateral strains are induced, Ph reaches a minimum value, K,> in 
the active state. If a passive state is induced by increasing Ph to its 
maximum value, inward strains occur and K is denoted by Ko: A Kevalue of 
unity indicates that the material behaves hydrostatically. 

In situ, the value of Ky may exceed unity on account of various 
events In geological time. Furthermore, the in situ K -value Ts not 
generally known, Fortunately, the value of Ke only for an added Increment 
of stress Is required to compute air-induced horizontal stresses. The Ky 
for an Increment of stress can be determined with more precision than the Ke 
for the in situ condition. 

A saturated soil may be considered to be a composite column 
consisting of water and a dry soil skeleton with grein to grain contact. 
For saturated soils of low dry density, the water has a bulk modulus many 
times that of the soil skeletog. A stress suddenly applied to an element 
of such a soil is SPansnitted aleost entirely through the water phase; 
hence, K assumes a value of nearly unity if no drainage by consolidation 


occurs. Relatively permeable soils of high dry density behave in a similar * — 
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manner because the loading rates of interest will not allow drainage. 

By eentrast; relatively high dry density solls of low permeability, e.g. 
shale, may behave quite differently. The sofl skeleton may be stiffer than 
the water phase and évanzaleelon of an applied stress through the water 
phase may be restricted. Therefore, the K -value is bounded by unity, the 
valiie for water, and approximately 0.5, the value for the dense soil alone. 


Under static loads and drained conditions, Ke assumes a value 


corresponding to that of the soil skeleton. A large amount of data is 


available concerning the value of Ko for static loading, under both drained 


and undrained conditions. This is in contrast to the very small amount of 


data available for dynamic leading conditions. 


Solls have been grouped into a few convenient categories In 


Table 4-1, Recommended dynemic K-values ere given therein along with 


typical values for the dratned and undrained static conditions,, The terms 


soft, medium, stiff and hard have bean used to describe the consistency of 
the soil. These may be Indexed numerically by the unconfined compression 


strength In tons per square foot, and more crudely by the Stendard Penatration 


Test, see Ref. 4-10. The following tabulation gives the consistency limits: 


Unconfined Compression 


Standard Penetration 
Consistency Strength - q, - tsf Jest -_N - Blows per ft 
Very soft < 0.25 <2 
Soft 0.25-0.50 2-4 
Hedium 0.50~1.00 4-8 
Stiff 1,00-2,00 8-15 
Very Stiff | 2.00-4.00, 15+30 
Hard > 4,00 > 30 
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For the depths and pressures of interest, Ky values for rock 
may be determined from the elastic properties of rock cores, Measurement. 
of vertical and circumferential strains (Ref. 4-11) on a rock core tested 
in unconfined compression at the stress levels of interest will furnish the 
data necessary to compute Poisson's ratio, V¥. Then, for zero lateral strain 
and an elastic material, K, = TT It should be remembered that information 
obtained from rock cores represents the behavior of a sound mass of the rock. 
The test data should be correlated with the elastic properties of the rock 
determined by the seismic survey (discussed in Section 4.2.3). The seismic 
survey eutomatically accounts for irregularities In the rock mass and a 
correlation of these two sets of data, and any other information available, 
ts needed to detect unsound rock conditions. Seme information on the 
elastic properties of various rock types is available in Refs. 4-12, 4-13, 
4-14, 4°15, and 4-16, 

The preceding discussion of horizontal stresses and Ky values does 
not apply to Increments of stress increase exceeding about 1000 psi. 

Reflections of Stress at Boundaries Between Layers 

Wave theory for elastic media predicts that reflection will produce 
significant changes in the stress level at an interface between strata of 
differing elastic properties, The reflection phenomenon ts discussed in 
Appendix C for the one dimensional elastic wave. 

Experimental data from iuélear field tests (e.g., Ref. 4-2) have 
not shown significant reflections of stress waves. In addition, laboratory 


tests on soil with differencesin seismic velocity and density of adjacent 
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layers have yielded similar results. These observations appear to indicate 
either inability to measure stress in a real soil mass or that layering 

does not produce stress reflections of magnitude comparable to theoretical 
values In real earth media. Aécordingly, It is recommended that the effects 


of layering on the stress distribution with depth be neglected until ‘such 


time as more positive recommendations can be made. 


4.2.3 Soil Properties 


Introduction, Protective construction, whether above or below 
the ground surface, is susceptible to all the difficulties and uncertain- 
ties inherent in foundation engineering. Therefore, the usual subsurface 


investigations required for static loading conditions are still required; 


- furthermore, they must be greatly supplemented tn order to predict the 


behavior of the structure under dynamic loads, 

The following discussion does not dwell on the ordinary foundation 
engineering problems because they are adequately treated elsewhere (see e.g. 
Ref, 4-10). Instead, the additional soil parameters necessary for ground 
motion predictions are discussed. Assuming free-field ground motions to be one- 
dimensional (vertical strain only), the most important sotl parameter is the 
constrained modulus of deformation, M, under dynamic loads. For zero lateral 


strain (K, condition of Section 4.2.2), the constrained modulus becomes 
Mo — . (4-3) 


In the pages that follow, brief discussions of the several 
components of a complete subsurface exploretion are presented, including 


not only field and laboratory experimental programs, but also interpre- 
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tive studies. Particular attention Is devoted to the determination of the 
constrained modulus of deformation that should be used to estimate the 
magnitudes of air-blast-induced deformations. 

Subsurface Exploration. Reference 4-11 contains a detailed guide 
to field explorations. The same general outline will be followed herein. 
Each step discussed below may occur in one or more phases as the process of 
selecting a site proceeds from initial spotting on a map to final approval 
as a site for construction, 

Geology. The geological study should consist of a general 
reconnaissance of the area to determine regional and local geological 
Structure In addition to drainage and groundwater conditions. In parti- 
cular, fault zones should be located because they may be the seat of 
undesirable differential motions under blast loading. Information neces- 
sary for the development of a water well Is also usually required. 

Personnel for the geological investigation should consist of a 
geologist working in conjunction with a foundation engineer, or an engineer- 
ing geologist competent in both areas. 

Geophysical Survey. A seismic refraction survey (see Ref. 4-17) 
should be performed after the geological study and before or in conjunction 
with the exploratory boring operation. The survey will serve to verify 
the stratification determined geologically and to detect fault zones or 
other discontinuities. Of major importance for free-fleld ground motion 
predictions are the elastic properties in the vertical direction. These 
should be determined from vertical dilatational and shear waves tn an 


up-hole survey. The borings used for up-hole logging may be the ones 
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drilled for soil sampling purposes if the two investigations can be 
coordinated. 

Most materials, solls included, decrease in stiffness or modulus 
as the applied stress level is increased. ‘Seismic refraction investigations 
involve setting off a charge of explosive and recording the time required 
for the induced pulse to travel between two points on the ground surface 
a known distance apart. The velocity, ¢, of a wave in an elastic medium 
is related to the elastic Goneturits of the medium which in turn are related 
to the constrained modulus. The constrained modulus, M, is related to the 


velocity, c, by 


Ha Zen pet — (4-4) 
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and y is the in-place density of the soil, g Is the acceleration of gravity, 
and E fs Young's modulus. Because selsmic pulses are at a very low stress 
level, the constrained modulus so obtained will be higher than the modulus 
applicable to blast loading. Therefore, the constrained modulus determined 
by seismic means represents essentially an upper bound to the modulus 
applicable to blast conditions. 

Exploratory Borings. The purpose of exploratory borings is to 
define the nature and extent of the soils (and rock) comprising the soll 
proflle., Standard penetration tests should be run in conjunction with the 
boring program in soils amenable to such tests. 

While almost any drilling technique yielding a soil sample will 


serve to define the soil profile, the most important physical properties 
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of the soil can be determined only from undisturbed samples. A sample 
of soil extracted from the ground will exhibit lower shear strength and 
higher compressibility than the in situ soil if it has been subjected to 
distortion (disturbance). Therefore it is essential that drilling and 
sampling techniques yielding a minimum of disturbance be used, Reference 
4-18 covers this subject thoroughly and, in addition, is a good source 
of general reference material on drilling and sampling methods. 

“The type of drilling and sampling equipment used will vary accord- 
Ing to anticipated subsoil conditions at the site. It is suggested that 
rotary equipment capable of drilling 6 in. diameter (or larger) holes 200 
ft. (or more) deep should be the minimum acceptable, and that a hydraulic 
feed travel of at least 5 ft. should also be required. Combinations of 
several drilling methods may be required at some sites. 

Sampling ee er should be the best available for the material 
being sampled. In soft to medium overburden soils, a piston sampler of 3 
inch minimum dlameter is preferable. For stiff and hard soils, the Pitcher 
Sampler (Ref. 4-19) has been used with notable success. In granular solls, 
a split spoon sample along with the standard penetration test [fs acceptable, 
For rock, NX cores (2-1/8! dia.) should be obtained when at all feasible. 

No general recommendations can be given as to the location, depth, 
and number of borings needed at a given site; these are decisions that 
should be left to the discretion of the foundation engineer. Coordination 
of the exploratory borings with the geophysical survey can lead to economies 
and should be attempted, If the boreholes are to be used in the selsmic 
survey, Steps should be taken to Insure that the holes stay open. Ground 


water conditions should be observed during the boring operations to detect 
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artesian water, a perched water table, sg any other occurrence of note. 
If required, permeability studies may be made with the use of the boreholes. 
One borehole should be converted to an open tube piezometer for recording 
the ground water level over a period of time. 

Sewage and waste disposal studies, in place density of surface 
soils, borrow pit investigations and other miscellaneous studies may be 
performed at the same time as the exploratory borings. 


Field Classification. All soll and rock materials should be 


classified according to the recommendations in Ref. 4-Il. . The Unified 
Soil Classification System is used for all soil materials; field proce- 
dures for its use are given In Reference 4-20. Adherence to the standard 
system will enhance comnunications and interchanges of information. The 
soil and rock samples should be identified and classified as they are 
taken from the ground. The field classification so recorded should be 
immediately available to all interested parties. 

Laboretery Investigation, The general scheme of the laboratory 
testing program is discussed In Ref, 4-11; therefore it will only be | 
outlined In the following paragraphs. Test procedures .for determination 
of the constrained modulus have not yet been well established; therefore 
the following recommended procedures are subject 6 modification as 
improvements become available. 

All soll samples should be subjected to a laboratory identift- 
cation and classification routing using the Unified System, Ref. 4-20. 

In addition, the natural water content should be determined on represen= 


tative portions of all specimens, The unconfined compressive strength, qa 
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should be determined by test or estimate for all samples not used for other 


tests. 


Representative samples from the different strata should be used 


for the following tests: 


as 


Determination of density, 7 

Grain size distribution 

Liquid and plastic Limit 

Specific gravity of solids 

Triaxial tests, Most tests will be of the consolidated 
undrained type, Qu Other types of tests should be per- 
formed at the foundation engineer's discretion. 
Consolidation tests. Most tests are not loaded to a 
pressure sufficiently high to define the load-deformation 
curve properly. A pressure of at least 100 tons per square 
foot should be attained In such tests. The Indicated maximum 
previous load, Pas and overburden pressure, Py should be 
determined, 

Swell pressures should be determined in the consolidation 
test for materials likely to be subjected to an environment 
conducive to swelling. 

Vibration, sonic, bulk modulus, confined compression or 
other tests for determination of the constrained modulus. 


These will be discussed separately In later paragraphs. 


_Hiscellaneous laboratory tests on selected soils may be performed 


required, e.g. CBR, slaking, compaction, and permeability. .. 
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Rock cores should be subjected to carerul aldeatory classifica- 
tion, identification and description. Adsorption tests should be performed 
on representative cores of the various rock strata. Unconfined compression 
tests, direct tension tests, and torsion tests should then be performed on 
these samples. Companion samples should be subjected to axial strain under 
unconfined conditions. These cores should be instrumented to record vertical 
and horizontal strains as a function of axial stress. Young's modulus, E, 
and palveonte rains v, can be determined from the test results and used to 


calculate the constrained modulus according to Eq. (4-5). 


l-v 
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Constrained Modulus Tests. For rock, the constrained modulus can 


be determined from Eq. (4-5) as described imnediately above. However, the 
modulus cannot be evaluated with the same confidence for soils. Several 
tests are currently being used to determine the constrained modulus of solls; 
none of them are entirely satisfactory. New techniques are being developed 
and it Is anticipated that the tests discussed below will undergo considerable 
modification In the near future. A knowledge of several soll phenomena is 
necessary to understand and interpret the constrained modulus tests; these 
are listed below: 

1. Sample disturbance, mentioned previously, erred produces 

Irreversible changes in the properties of a soil removed 


from the ground. Direct laboratory determinations of soil 


properties are seldom possible; however, good sempling 
techniques and corrections based. on Judgment and experlence 


.can lead to reasonably reliable test interpretatlons. 
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Removal of a sample from the ground involves stress changes 


and corresponding deformations and distortions. Dissolved 


‘gages entrapped in the pore water tend to come out of 


solution. A rapid recompression will compress this gas, plus 
the water and soil; consequently, a lower modulus will be 
observed in the tests than in situ where only water and soll, 
without the additional gases, are being compressed. Figures: 
4-5(a) and 4-5(b) respectively, typical void ratio, e, versus 
log of the effective vertical pressure, p, curves for a | 
normally loaded, and an apparently preloaded, sofl. The 

solid lines represent the curves obtained from the best 
available undisturbed samples in ordinary consolidation tests, © ..-—.-- 
The coordinates ey and Py represent the void ratio and over- 
burden pressure in situ respectively. The dashed lines 
through these points represent the probable field behavior 

of the samples. The dotted curves represent test results on 
disturbed samples. Note how disturbance masks the probable 
true In situ behavior of the soil. In Fig. 4-5(b), hie. 
coordinate P represents the probable oveskune to which the 
sample was previously loaded. 

The preload indicated in Fig. 4-5(b) does not necessarily mean 
that the sample was subjected to a higher pressure earlier 
than now exists in situ. Chemical alteration, cementation 

and other effects may cause the sample to be cemented and 

thus more stiff than if these svedeations had not occurred. 


Regardless of the cause of the indicated preload, the change 
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In load-deformation characteristics is the same and is the 
phenomenon of Importance. For pressures lower than Pas the 
soil has a higher modulus than at pressures above Pa: 

The modulus of a soil Is known to increase with lateral 
confinement, at least in the upper few hundred feet of the 
earth's ret. Fig. 4-6 shows typical stress-strain curves, 


P, VS. €,, obtained from triaxial tests where the lateral 


z 
pressure, p,, was held constant. The initial tangent modulus, 
(m.), is defined as the slope of the initial part of the be 


curve, 
€, v 


__. _The difference between the inftial tangent modulus obtained 
In the triaxial test and the sévatenined edulis aay be 
approximately observed by running tests with constant ratios 

of lateral to vertical stress, For comparison, the typical 
results of such tests have also been plotted on Fig. 4-6. 

Note the increased modulus as the ratio of horizontal stress 

to vertical stress is Increased. If Ko Section 4.2.2, were 

a constant with change in stress level, and If this ratio were 
applied in the triaxial cell, then the modulus so obtained 
would be the constrained modulus. 

Fig. 4-7 shows typical results of undrained confined compression 
tests. The modulus generally increases with the strain rate, 


A saturated soil may be thought of as a composite column 


consisting partly of water and partly of the soil skeleton. 
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The constrained modulus of water is equal to the bulk 
modulus or approximately 300,000 psi. Generally the soil 
skeleton will have a very much lower modulus. The combined 
effect will generally be a lower modulus than 300,000 psi. 
However, the modulus will generally exceed 100,000 psi and 
probably 150,000 psi. If the modulus of the soll skeleton 
exceeds that of water, then the combined modulus will 
exceed 300,099 psi. 

Unsaturated solls have a constrained modulus only a 
small fraction of that of water for degrees of saturation 
below approximately 95 percent. This is because the soil 
is now a Ecanesite column consisting essentially of air and 
the soil skeleton. Reference 4-21 discusses this subject 


more thoroughly. Pf Eston 


With the above discussion as background, the interpretation of 


the following constrained modulus tests is facilitated. 


Vibration. The vibration test Is performed on a cylinder of soil 


that may be subjected to a confining pressure. Dilatational and shear waves 


are propagated at various frequencies until resonance is found. Young's 


modulus and the shear modulus are derived from the data (Ref. 4-22) and are 


used to calculate Poisson's ratio. Equation (4-5) may then be used to calculate. 


the constrained modulus. The vibration. test applies more energy to the soil 


than is used in a seismic refraction survey, but stress levels very much 


below the stresses of interest are induced, The effects of semple disturbance 
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tend to reduce the modulus while the low stress level causes an observed 
modulus higher than the modulus of interest. The two factors tend to 
balance each other with the modulus so determined being less than but closer 
to the seismic modulus limit than any other type of test. Elastic behavior 
is assumed throughout. 

Sonic. Sonic tests measure the travel time of a pulse through a 
soil sample and thus give the velocity of wave propagation in the soil, 
The stress level is very low and the results and interpretation are similar 
to that of seismic data. 

Unconfined Compresston. When a sample can be tested in no other 
“iy the initial tangent modulus from the stress-strain curve in an unconfined 
compression test will yield at least some information. Because of the lack 
of confining pressure, the results will be quite low compared to the in situ 
value. Reference to Eq. (4-5) indicates that a Poisson's ratio of 0.3 and 
0.4 would cause the constrained modulus to be 34 percent and 114 percent 
respectively, greater than the initial tangent modulus. Considering sample 
disturbance and the lack of confining pressure, a reasonable interpretation 
of the test would be to consider the constrained modulus to be two or three 
times the initial tangent modulus from an unconfined compression test. 

Triaxial. The initial tangent modulus from a triaxial test is more 
reliable than that from an unconfined test because of the confining pressure 
effects. It is recommended that the constrained modulus be taken as twice 
the initial tangent modulus. 

Confined Comoression. One dimensional tests may be performed in 
consolidation equipment, in the sampling tube itself, or by various other 


means. The test has the advantage of being capable of rapid leading with 
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very little lateral strain. Furthermore, it may be carried to the stress 
levels of interest and the percent recovery observed upon unloading, thereby 
giving information on both the total and residual strains. The test has the 
disadvantage of unknown friction effects on the sides of the sample, some 
lateral deformation due to an imperfect fit of the sample in the ring and 
unknown lateral stress conditions. It ts recommended that the test results 
be taken at face value and then altered as warranted by the condition of the 
sample as the foundation engineer's judgment deems proper. 

Evaluation of Data. It is presumed that the foundation engineer 
will have evaluated and reported the data obtained in a manner suitable to 
the ordinary engineering aspects of the job. In addition, the geology should 
be fitted regionally and pinpointed locally using the field reconnaissance, 
geophysical exploration and boring data, Particular attention should be 
given to the location of fault zones. 

The evaluation of the constrained modulus is the most important step 
with respect to the dynamic loading problem. Only one comparison of the 
procedures described herein for computing ground motions with field test data 
exists. It fs recommended that the foundation engineer study the comparison 
between predictions given In Ref. 4-22 and the measurements as reported in 
Ref. 4-23. 

Recognizing the large uncertainties that exist, the following 
procedure may be used to estimate the In situ modulus that should be used 
to compute displacements. This procedure is substantially that presented 


in Ref. 4-24, 
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As shown In Fig. 4-8, draw each the overburden pressure, 

Po? versus depth relationship and the preload pressure, Pos 
versus depth relationship. | 

Draw the attenuated peak stress, AP so’ versus depth 
relationship.. See Section 4.2.4. 

Mark the depths at which the overstress ratio, o. of 

(Eq. 4-6), or the preconsolidation ratio, °, of (Eq. 4-7), 

is less than unity. Also mark the depths at which the ratios 


exceed three. 


< Pso 
°ol[U8 (4-6) 
s Po 
2 Peo 
os. =p (4-7) 
p Po 


Draw the constrained modulus versus depth relationship using 
all the test data. Use marks distingulshing each type of 
test. . 

Below the permanent water table, use a modulus of 156,000 psi 
unless the test data give a higher value. 

The seismic data will represent an upper bound that is closely 
approached by the vibration test data. The unconfined and 
triaxlal tests will form a lower bound with the confined 
compression tests usually somewhat higher. The two bounds 


define the area within which the in situ modulus should fall. 
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7. References 4-22 and 4-24 Indicate that where Oo, oF o% are 
less than unity, the soil behaves elastically with a 
modulus approximately equal to that determined in the 
vibration test which is less than the upper modulus bound 
by about 20 to 25 percent of the range between the bounds. 

8. Where Oo, or o% exceeds 3, the modulus approaches the lower 
bound and may be nearly that of the confined compression 
tests which is greater than the lower modulus bound by 
approximately 20 to 25 percent of the range between the 
bounds, 

9. Mere o, or % are between unity and three, there is a 
transition in the modulus that should be determined on the 
basis of judgment. 

- 10. Assume complete rebound for soils below the permanent water 
table and where o, or %% are less than unity. Assume 70 to 
80 percent recovery where o, or o exceed three. Make a 


transition between the two limits. Dynamic confined 


comaression tests or other tests can yleld useful Informa- 
tion on the percent recovery upon unloading. 
The above procedure is in the infancy of its development. Note 
that the foundation engineer's judgment is an indispensible element in 
the selection of the constrained modulus that should be used in the 
computation of displacements under blast loading. 
In the computation of vertical displacements, the soil profile Is 
divided Into layers of thickness depending upon the conditions, and the 


strain computed for each layer from Eq. 4-8, 
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An idealized P,, versus €, curve should be developed for each 
layer consistent with the stress level reached in each respective layer. 
Figure 4-9 indicates by dashed lines the probable real behavior of the 
soil under dynamic loading. The solid lines represent the idealized 
curve with ae being the slope during increasing stress and M. the slope 
during rebound, |. 

4.2.4 Displacement. In general the displacement quantities . 
of interest include maximum transient absolute displacements residual 
absolute displacements, maximum transient relative displacements and 
residual relative displacements. In the discussion of the evaluation of 
displacement which follows, it is assumed that the soil parameters for 
each subsurface layer appropriate to the in situ lateral constraint, peak 
stress level, and loading rate have been evaluated using the methods 
discussed in Section 4.2.3. Figure 4-9 shows the relationship between 
the linearized stress-strain curve considered in the computations and 
the probable real stress-strain curve, and indicates the significance of 
the various soil parameters. 


The stress distribution in the soil is based upon the one- 


. dimensional wave propagation theory discussed In Appendix C. The only 


peak stress attenuating mechanism considered is spatial attenuation; 
Eq. (4-2) is used to define the variation of peak stress with depth. As 
mentioned before, no reflections are considered to take place at boundaries 


between soil strata of different physical properties. 
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Vertical Displacements 

The most general technique of displacement computation involves 
computing the displacement for a given point at a particular instant in 
time by summing the strains from infinite depth to the point of interest. 
Raperielon of the process at regular time intervals will fexuit in curves 
of vertical displacement versus time for the points of interest. 

The most significant steps involved in such computations are 

- concerned with establishing the stress distribution with depth at a given 
‘time, and with determining the strain at a given depth as a function of 
the stress and stress history. 

The pressure distribution with depth is not easily determined. 
The subsurface wave form produced by a decaying ir blast wave is extremely 
complex. The beginning of the pressure wave travels at higher velocity 
than the peak pressure, as does the unloading wave. The situation is 
too complex for computations of the pressure diztributton to be 
practicable; instead approximations which will facilitate computations 
and lead to reasonable results are made. 

The increase in wave length caused by the greater velocity of 
the wave front than the wave peak can have a considerable effect on 
displacement. The velocity of the wave front, termed Ci, can be computed 
from the initial tangent modulus of deformation Ki, and the soll mass 
density, 9. 


M; ; 
== (4~9) 
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Disturbance of soil samples is likely to cause the laboratory values 
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of HM. to be unreliable. The wave front velocity, ci» should lie between 
the seismic velocity as determined by seismic surveys and the wave peak 
velocity fy» ¢> Cc; > co: If the velocities Cc; and cy for the medium 

are known and the rise time of the blast wave at the surface is assumed 


to be zero, the distance z,- 2, is given by 
‘ieee (— - 1) 


where z; and z5 are the depths of penetration of the wave front and peak pres- 
Sure, respectively. If Cc, and c, are poorly defined, the same rough estimate 
used in the evaluation of peak acceleration (Sec. 4.2.6) may be applied - 
that the rise time, ti, ata particular depth is one half of the transit 


time, t. required for the peak pressure to reach the depth. Aoplying this 


estimate the distance from the wave peak to the initial point of the wave 


is 


It is reasonable to consider the pressure to vary linearly from zero to 
the peak pressure value over this distance. 

The peak pressure Pvp is assumed to vary with depth due to 
attenuation as given by Eq. (4-2). 

The distribution of pressure with depth above the point of peak 
pressure is difficult to specify rigorously. The overpressure decay 
propagates more rapidly than the peak pressure, reflects when it meets 


the peak, reflects again when it reaches the surface, etc. The accuracy 
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with which the soil properties can be described does not justify an 
attempt to trace out this behavior. 

It is recommended that the air blast wave be represented as 
shown in Fig. 4-14 since the use of linearized approximations of the 
surface overpressure-time curve may lead to inconsistancles in the pressure- 
time variation at depth. Figures 3-4, 3-5, and 3-7 provide the information 
necessary for constructing the surface overpressure-time curve. To handle 
the decay portion of the pressure-depth curve in the medium it will be 
adequate to consider the pressure vs. depth curve at a particular time to 
be linear, | 

The strain distribution is established from the stress-strain 
characteristics of the soil and the pressure distribution. The relations 
between pressure and strain can be determined from the linearized stress- 
strain curve, Fig. 4-9, 

If Pye the vertical stress at depth z, has never been exceeded 


at the point in question, the corresponding vertical strain is 


p p 
v v 

= 7 (4-10) 
pec, 


where 4, is the modulus corresponding to Pvp (see Fig. 4-9). 
If PY, is smaller than a previous value, that is if pressure is 


decaying or an unloading wave has reached the point, the strain is 
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Thus the strain is not solely a function of the stress level but also a 
tunction of the stress history. If the ratio of residual strain to peak 
Strain is selected as the parameter defining the unloading stress-strain 


curve of the soil; 


then, if Py is smaller than the peak stress value Pio at the point, and 


. 
occurs later than Pip 


1 y | Kyl yp - Py) 
e2" M 
p P 


p(l-k)#k p 
c,2 | (4-11) 


c 
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where 

tine 

P p 
The peak evefstant and the residual vertical displecement of a 

point can be obtained from the displacement - time curve for the point. 
The peak transient relative Sisplacensne cao noiats may be obtained by 
determining the maximum difference in displacement at any one time. It 
should be noted that the time of maximum relative displacement between two 
points is not necessarily the time of peak displacement for either point, 
and that the maximum relative displacement is greater than the difference 
between peak transient displscements, but less than the peak strain occurring 
at either point multiplied by the vertical distance separating the points. 
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Figure 4-10 illustrates the relationship between peak displacement and 
peak relative displacements. An example of the computation of displacements 
is given as Example 4.1 of Section 4.2.8. 

Certain approximate techniques for computing displacement can be 
appropriate. If the soil conditions below a particular point can reasonably 
be considered to be uniform to a depth equal to the length of the pressure 
wave in the soll, the peak transient displacement of the point can be 


computed from the air blast Impulse as follows. 
(4-12) 


where 4 Peo t, represents the total impulse, and t; is given in Fig. 3-7. 


The residual displacement, d» is given by 


where Ks = €>7/€2p as shown in Fig. 4-9. 


If a layer of relatively compressible soil of thickness significantly 

less than the length of the wave in the soil overlies bedrock, Eq. (4-12) 

does not apply. The peak relative displacement between the surface and the 
bedrock is closely approximated by the summation of the strains between 

the two points pedcreins when the pressure peak reaches the bedrock. To 
obtain an upper bound on the peak transient displacement of the surface the 
peak transient displacement of the top of the bedrock layer may be computed 
using (Eq. 4-12) and added to the peak relative displacement between the 


surface and the bedrock. 
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A technique for such computation of relative displacement is 
recommended in Ref. 4-25. The strain distribution with depth is taken 
as the strains corresponding to the envelope of an attenuated peak pressure. 
If the soil does not exhibit creep or viscous flow such a computation | 
will give a conservative estimate of the peak relative displacement. It 
cannot be stated that the result will be conservative for a creep sensitive 
soil. Example 4.2 demonstrates the application of this technique. 

A similar technique for computation of relative displacements 
is recommended in Ref. 4°24. The peak relative displacement is again 
assumed to cccur as the pressure peak reaches the deeper point, but the 
strains are considered to decrease imaediately as the pressure decays after 
the passage of the peak, The pressure distribution in the soil is 
sketched in to meet the air overpressure value for the time in question. 
The strain distribution is then computed using Eq. (4-11), and the strains 
are summed to yield the relative displacement. Example 4.3 demonstrates 
the application of the technique. 

Preliminary Design Expressions 

The above techniques of displacement computation require a thorough 
evaluation of the soll properties prior to their application. For iiée in the 
preliminary stages of design, before complete soil information is available, 
the following relations from Ref. 4-3, based upon the one dimensional 
elastic wave theory and studies of field test results, may be used, The 
use of these relations generally involves the use of an effective wave 


Propagation velocity, c, the selection of which may be guided by seismic 
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surveys and engineering judgment based upon the geology of the area, 
Table 4-2 gives ranges of seismic velocity for various media. 

The elastic component of vertical displacement at. the Sohtars 
may be obtained from Eq. (4-12). Using t; from Fig. 3-7, and a p value 
corresponding to a density of 115 pcf, which is a representative value for 


7 soils, 


Elastic Vertical Displacement at the Surface 

Pp 1/2 1/3 

so | [4020 fes | Ww | (4-13) 
c 


“sq in E- psi IMT 
where c is an average seismic velocity associated with K if c is taken as 
Ci» as shown in Fig, 4-9 by 


KM 
2 2 r 
oe Se DB 
The residual displacement at the surface has been empirically 


correlated in Ref, 4-3 with test data to give the following: 


Approximate Surface Residual Displacement 


Pen ~ 0 1000_fps fF 
5 = 390 in, z (4-14) 


for Pog 7 40 psi (d- 5 assumed to be zero 


for Po, < 40 psi) 


where c = surface seismic velocity 


For Nevada Test Site conditions use of ¢ = 1000 fps gives an upper bound 


to observed residual surface displacements. 
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The peak total! surface displaccment is equal to the sum of the 
elastic and residual components as given by Eqs. (4-13) and (4-14), 

For competent soils, residual deflections at depths in excess of 
100 ft. have been observed to be negligible. If the residual displacement 


is considered to vary linearly with depth to zero at depth 100 ft., the 


expression for residual displacement at depth z becomes 


Approximate Residual Displacement at Depth z 


z* 
os = ar E ~ "100 | 


(ze mz ft, Q0<z< 100 ft. 


(4-15) 
z* = 100 ft. z > 100 ft. 


The elastic component of relative displacement between the surface 
and a point at depth z can be estimated from the bounding statement pre- 
viously mentioned; the maximum average strain between the two points must be 


less than the maximum strain at the surface. If attenuation with depth is 
neglected, and z = z* 
pe 2 


ec. 


For a soil density of 115 pcf the expression becomes 


4 eee te a 8 1000 fps|* __z* 
pe ; “1100 psi Cc, 100 ft 


The elastic relative displacement can be considered to be about half of the 


bounding value given above, or 


Approximate Elastic Relative Displacement 


CP 7 2° 
x : i so 1000 fps z* 
ope oo =| os 100 ft (4-16) 
¥ S 
_ A reasonable estimate of the maximum relative vertical displacement between 


two points is given by the sum of the results of Eqs. (4-15) and (4-16). 
“ Horizontal Displacements 
The techilaques for evaluating vertical displacements are based 
upon the one-dimensional wave theory and, therefore, yield no information 
concerning the horizontal displacements. Some efforts to determine 
horizontal displacements from ideal plane wave theory have been made, but 
the ratios of horizontal to vertical displacements determined on this basis 
bear little relation to those measured In field tests. For this reason it 
appears appropriate to use a single ratio of hortzontel to vertical displacement, 
In Ref, 4-3 the suggested ratio of Ask horizontal to peak vertical 
displacement Is given as 1/3 for superselsmic conditions. This ratio appears 
reasonably conservative since the horizontal displacements observed in field 
tests are reported in Ref. 4-2 to range from 1/100 to 1/10 of the peak vertical 
displacement; yet it Is considerably smaller than the ratio may be accord- 
Ing to the idealized plane wave theory. 
| 4.2.5 Velocity. The peak vertical velocity, Yo? can be expressed 
in terms of the peak vertical stress by use of the results of the one- 


dimensional wave theory of Appendix C. 
p 

y a 2 
p ec 
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The value used for c should correspond to the constrained modulus of 
deformation appropriate to the stress level and loading rate. The evalua- 
tion of moduli of deformation was discussed in Section 4.2.3. If the 
modulus of deformation corresponding to the stress level Py is denoted 


as Mo the appropriate wave propagation velocity ‘5 is given by 


Considering the attenuation of peak stress with depth given by Eq. (4-2) 


the peak velocity equation for. any depth z becomes 


Peak Vertical Velocity 


asp 
; ae - - 2 (4-17) 
Pp 


For a representative value of soil density of 115 pcf, Eq. (4-17) becomes 


Peak Vertical Velocity for Soil 


: ; 
7 so 1000 fps 
Yo 4.0 fps [raster | fara a. (4-18) 
p 
» F so 1000 fps 
or ‘5 $0 in./sec [sear | | co a, 


A plot of Eq. (4-18) is given by Fig. 4-11 for a: = 1, or surface conditions. 
The peak horizontal velocity, Vhp? is not defined by the one- 

dimensional wave theory approach. Considerable variation exists among the 

empirical rules of thumb suggested; Ref. 4-3 recommends Yap = 2/3 Yo? 


while Ref. 4-2 shows that the ratio “np! “p measured in field tests under 


Superseismic conditions has a maximum value of approximately 1/9. Since 
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most field test velocity measurements are based upon integration of accelera- 
tion records, a process often involving rather arbitrary variations of the 
base line, it is recommended that the more conservative ratio of 2/3 be 
applied. 

4.2.6 Acceleration. The peak vertical downward acceleration is 
a function of the shape and duration of the rise to the velocity peak. Field 
test observations show little dependence of the air blast rise time on yield 
or peak side-on overpressure level; it is more nearly a function of the ground 
surface conditions. The minimum value of rise time of the air blast pressure 
is of the order of 0.001 seconds. For a linear rise of surface pressure and 
practicle velocity the peak acceleration can be expressed by 


t 
a5 a Vf - 


where t. is the rise time to peak velocity; at the surface this is equal to 
the rise time of the air blast. If an air blast rise time of 0.001 seconds 

ts used, and the results are increased by about 20 percent to account for 
non-linearity of the rise, the equation for peak surface downward acceleration 
becomes 


Peak Downward Vertical Acceleration at the Surface 


p 
« so 1000 fps 
ay ISG g Ford | -3 (4-19) 


p 


The value for c. in Eq. (4-19) should correspond to the soil conditions 
at the surface. Since the surface acceleration appears to be partially 
dependent upon yield and other factors as well as peak surface velocity, 


it is recommended that no value of Sp greater than 2000 fps be used in 
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Eq. (4-19), regardless of higher measured values of ‘surface seismic 
velocity. With coe 1000 fps, the results of Eq. (4-19) agree well with * 
surface acceleration data from the Nevada Test Site. It should be noted 
that Eq. (4-19) is derived from eG. (4-18) and should be applied only to ae 
Sore: A similar expression may be developed for rock beginning with Eq. 
(4-17). 
Peak downward vertical acceleration attenuates sharply with 
depth. The equation given in Ref. 4-2 for 2, at $ ft. depth, which is 
based upon correlation with field test results, gives values roughly one 
quarter as great as those of Eq. (4-19). The sharp attenuation is due 
more to the increase of rise time with depth than to attenuation of the 
peak vertical velocity. The-change in the pressure distribution with 
respect to depth and time with increasing depth is shown schematically 
in Fig. 4-12. The stretching out of the pressure distribution is due to 
the non-linearity of the stress-strain curve for soil. WNon-linearity of 
the pressure rise with time becomes more pronounced with increasing depth. 
Accordingly, it is recommended that the peak acceleration value at depth 
be taken as twice that appropriate to a linear rise. 


Peak Vertical Downward Acceleration at Depth 
v 


ajs2g2 i ; (4-20) 
P r 32.2 ft/sec 


The selection of an appropriete value for t. requires some judgment; 


obviously it should never be less than the air blast rise time. Assuming 


al 


an air blast rise time of 0.001 seconds, the rise time at depth would be 


(see Fig. 4-12) 
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When the values for cs and c, are not well defined, an approximate evalua- 
- tion of the peak acceleration can be made. As a guide to the rise time, 
th Ref. 4-3 suggests that the rise time be taken as one half of the time 


required for the peak stress to reach the depth of interest 


Substitution of this value for t_ into Eq. (4-20) for t.» with ‘, taken from 


Eq. (4-18), yields 


P | 
so 100 ft 
et Fe 2 ]| Zz |e, (4-21) 


The restrictions on unit weight of the medium inherent in Eq. (4-18) apply 
equally to Eq. (4-21). In no instance should an a, from Eq. (4-21) greater 
than the surface value from Eq. (4-19) be used. Equation (4-21) gives 
infinite acceleration at zero depth since it neglects the air blast rise 
time. Reference 4-2 presents an equation for peak vertical downward 
acceleration at S foot depth which gives a smaller acceleration value for 
a seismic velocity of 1000 fps than Eq. (4-21). However, for depths in 
excess of 10 feet the results of Eq. (4-21) agree well with the test data 
sheutn In Ref. 4-2. It Is recommended that a smooth transition between the 
results of Eq. (4-21) and Eq. (4-19), such as is shown in Fig. 4-13 be applied. 
The peak horizontal acceleration can be taken equal to the peak 


vertical acceleration as recommended in both Ref. 4-2 and 4-3. 
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4.2.7 Outrunning Ground Motions. Outrunning ground motion occurs 
when the air shock velocity U decays below the dilatational wave velocity of 
the medium. The approximate pressure level at which outrunning occurs for 
various media is given in Table 4-3, taken from Ref. 4-2. It should be noted 
that outrunning ground motions and direct-transmitted ground shock are 
different phenomena, Outrunning ground motion is produced when the air- 
induced ground motion begins to propagate more rapidly then the air blast 
shock front, but it is an air induced phenomenon. Direct transmitted ground 
shock, discussed in Section 4.3 is ground motion propagated through the. 
medium from the region of the crater. 

Reference 4-3 deals with outrunning ground motion by applying 
amplification factors to the air-induced ground motions computed for 
superseismic conditions. Peak velocity and acceleration values are amplified 


by the factor B. 


Condition PB 
Superseismic ¢ < U 1 
Outrunning 
Transeismic U<c< 1,50" c/U 
1.5uU<c¢< 20 1.5 
Subseismic 2U<c 1 + U/c 


It Is considered in Ref. 4-3 that peak displacement values are not strongly 
affected by outrunning. 

In Ref. 4-2 a considerably different approach to the evaluation 
of outrunning ground motions is employed. Expressions for acceleration, 


velocity, and displacement for outrunning conditions are established by 
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correlation of test data. The data show great scatter making correlation 
difficult; however, it is indicated that the outrunning ground motions are 
proportional to the scaled ground range eukite? than overpressure, A dis- 
cussion of the technique used to establish the range fer outrunning based 
upon seismic survey of the medium is also presented. 


4.2.8 Examples of Air-Induced Displacement Computation. 


Air Blast Conditions 


Po 300 psi 


Ww = 5 MT 
The overpressure time variation is established using Figs. 3-4, 
3-5, and 3-7. 


1/3 
From Fig. 3-5, oF = 0.97 sec. [3] = 1.66 sec. The wave farm can 
then be taken from Fig. 3-4. As a guide for representing the curve shape 


at higher pressures the i and ts lines are sketched. From Fig, 3-7 


S 1/3 
= 0.050 [3] = 0.086 sec. 


S 1/3 
too 0.078 [3] = 0.134 sec. 


Attenuation of Peak Pressure with Depth 


1 


lee 
Ww 


Eq. (4-1) a, = 


_70.5 1/3 
7 100_psi wie 
L = 230 fe | Peo THT | 227 ft 


The values of o. may be computed or taken from Fig. 4-3. 
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Soil Parameters 

Fig. 4-15 shows the variation of the propagation velocities 
for the wave front, Cis and the wave peak, Co: and the densities of the 
materials, This information would be obtained from the site exploration 
and evaluation programs, 

Location of Wave Form with Time 

The transit times for the wave front and wave peak are computed 
by considering the propagation velocities at the centers of 20- foot 
increments of depth (from Fig. 4-15) to represent the average propagation 
velocities through each increment. The resulting curves of arrival time 


for the wave front and wave peak are shown in Fig. 4-16. 


Example 4.1, Computation of Displacement-Time Curves 

Stress Distribution with Time 

The stress distribution in the ground at regular intervals of 
time are determined using Fig. 4-16 to define the location of the wave form. 
The variation of stress with depth is assumed to be linear between the 
following critical points: zero stress at the wave front, the attenuated 
peak stress Pst the wave peak ard She side-on overpressure from Fig. 4-14: 
at the surface. These stress distributions are shown in Fig. 4-17. 

Computation of Displacement 

To compute displacement as a summation of strains, the strain at 
the center of each 20-foot increment of depth is assumed to represent the 
average strain in that depth increment. The strain és and the increment of 


displacement Ad are computed from: 
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For stress increasing 


. Vv 
€. = 7) a (4-10) 


For stress decreasing, and with an a, P., Ea. (4-11) becomes 


a py -k)+k a, Poy 
z 2 
c 
e Pp 


p(l-k) +k a Pe 


Ad 2 ee 2 
Pp 
€or 
ky is the ratio of residual strain to peak strain, —— 
zp 


For z< 100 ft., ky = 0.30 - compressible overburden 
For z > 100 ft., ky = 0 - sound rock 
The Kk, for the overburden is taken as 0.3 since the overstress 
ratio Oo. exceeds three for nearly the full 100 feet to sound rock (see Sec. 
4.2.3). 
To find the peak displacement at a given depth a displacement-time 
curve is constructed. For each instant of time ccnsidered: 
a. Determine the variation of stress with depth (Fig. 4-17). 
b. Determine the increment of displacement in each increment 
of depth using the appropriate relation for stress increasing 
or stress decreasing. 
c. The displacement of the point in question equals the — of 
all displacement increments occurring below the point. This 


_ provides one point on the displacement-time curve (Fig. 4-18). 
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Repeating the above steps at additional instants of time permits a curve 


such as Fig, 4-18 to be drawn. 


Residual Displacement 


The residual displacement Is completely defined by the soil properties and 
the curve of attenuated peak pressure with depth. The residual displacement 
at any depth is obtained by sumaing the increments of residual displacement 
occurring below the point In question. 
| The resulting displacement-time curves for this exexple are plotted 
In Fig, 4-18. The curve of relative displacement between the surface and 
100 foot depth is the difference between the surface and 160 foot depth 
displacement-time curves. The peak displacement values of interest are: 
Peak Surface Displacement 4.9 In, 
Residual Surface Displacement 1.6 in. 
Peak Relative Displacement 9 to 100 ft 4.9 In, 
Peak Displecement at 160 ft. depth 0.3 In, 
Residual Displacement at 100 ft. depth 0.0 In, 


Exemgle 4.2  Anproximate Comsutations of Peck Relative Displacement As 
Strains Correspandina to Simultencaus Peck Stress Values. 


sustin 


Considering the strain values to correspond to the attenuated peak 
stress and the strain at the center of a 20 foot increment of depth to 


represent the average strain In’ the Increment of depth: 
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Peak Displacement 


a so 
z 
c 
ec, 
ap 
z $0 
4d 2 ae 2 &2 
) 
Residual Displacement 
k @ p 
ter eRe SO 
zr Roe 2 
rs) 
& @ p 
Ad 2 2S az 
c 
aa 


The sum of the displacement increments between the surface and 100 foot depth 
yields the peak and residual relative displacements between the surface and 
100 foot depth. 

Peak Relative Displacement $.3 in. 


Residual Relative Displacement 1.6 in. 


Note that the peak value is greater than the value determined ir Example 4.1, 
but the residual value is unchanged. 

The peak absolute displecensit can be conservatively estimated by 
assuming that the peak displacement at 100 foot depth occurs simultaneously 
with the peak relative dispiacement, The peak displacement at 100 foot depth 


can be estimated using Eq. (4-12) as shown in Example 4.4. 
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Example 4.3 Approximate Computations of Peak Relative Displacement 

The peak relative displacement between two depths is computed 
assuming the peak value to occur when the stress wave peak reaches the 
greater depth. The wave peak reaches. 100 foot depth at t = 0.053 from 
.Fig. 4-16. Using the same techniques of strain and displacement com- 
putation discussed in Example 4.1, the resulting peak and residual relative 
displacements from the surface to 100 foot depth are: 

Peak Relative Displacement 4.2 fae 
Residual Relative Displacement 1.6 in, 

The peak relative displacement value is less than that determined 
in Example 4.1 since the peak relative displacement actually occurs before 
the wave front attains a depth of 100 feet as may be seen in Figs. 4-17 
and 4-18. | 

The peak absolute displacement of the surface can be estimated by — 
assuming the peak displacement at 100 foot depth to occur simultaneously 
with the peak relative displacement. The process is conservative in that 
the times of peak values are unlikely to coincide. The peak displacement 
at 100 foot depth can be aeeimated using Eq. (4-12) as shown in Example 4.4. 
Example 4.4 Acplication of Equations Based Upon One-Dimensional Wave Theory 

to Displacement Prediction. 

The displacement equation, Eq. (4-13), is based upon the total 
impulse of the air-blast wave and implicitly assumes the soil to be uniform 
with depth and no attenuation of stress with depth to occur. If Eq. (4-13) 
is directly spplied to determine the peak elastic surface displacement and 


an average value for ¢ corresponding to Che for an average value of 
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c_ = 2000 f and k_ 2 0.3 is used: 
Pp ps Pp 


aac Bees 2008S G05 
Dos kK 
ps2 1/3 
" so 1000 fps W 
Me es Ec 32. | [ C THT te) 


d = 11.2 in. at surface 
se 


If Eq. (4-12) is used to compute the peak displacement at a depth 


of 100 feet with c = 10,000 fps for the sound rock: 


i/2 p__ t, 
d= = (4-12) 
for t = 0.37 sec. and 7 = 150 pcf 


a5 = 2,1 in. at 100 ft. depth 


The above elie do not agree with the results of Example 4.1, 
but the equations are applied to a case which does not correspond well with 
the nomogeneous medium assumed, and the attenuation of stress and impulse 
with depth not considered. 


The empirical relatton for residual surface displacement 


p - 40 2 
“ so . 1000 _ fps 
dis I 70 | in. | = | (4-14) 


yields for 
c = 2000 fps 


dg = 2.2 in. 


The elastic component of relative displacement can be estimated 


from Eq. (4-16). 


ope ee wos [soe fos iii 
The c. value can be determined from <2 = ca/(l-' 3). _ Using cy = 1000 fps, 
the surface value, c.* 1200 fps. . . 

The resulting elastic component of relative displacement from the 
surface to 100 foot depth is 5,0 inches. This value is somewhat greater 
than the 3.1 inches for the corresponding quantity from Example 4.1, The 
difference results from considering the value c= 1200 fps to apply for the 
full 100 foot depth increment. 

The above computations indicate that the equations for displace- 
ment prediction can give extremely conservative results when applied to 
situations corresponding poorly to the conditions for which the equations 
were derived. Consideration of the soil conditions of this example, Fig. 4-15, 
indicates that displacement equations based upon impulse should not be used 
at depths less than 100 feet since homogeneous soil conditions do not exis: 
above that level. Careful applications of the equations can yield result. 
comparable to those of Example 4.1. 


Consider Eq. (4-12) 


ode 1/2 Poo te 
P pc 


The term 1/2 Pes t, represents the impulse effective in producing displacement 
at this depth. The wave length in the rock for a wave propagation velocity 
of 10,000 fps and the equivalent triangular pulse, t= 0.37 sec., is 3700 
feet. Applying an average spatial attenuation to the peak overpressure, ey 
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| 


that corresponding to a depth of 2000 ft. 


i es 2 @, Pso 
Pp pc 


l l 
4: : as 300 x 0.37 x 1728 
: 227 


150 
32.2 


= 0.21 in. - 


x 10,000 


which corresponds closely to the value determined In Example 4.1. 

The peak surface displacement will correspond closely to the peak 
relative displacement between the surface end 100 feet. The average peak 
Strain between the surface and 100 foot depth can be computed based upon an 
average attenuated pressure, say the value for z = SO feet, and an average 


wave propegation velocity, say the value at z = 50 feet or <, = 2600 fps 


a_p 
Average €, = z = = ape = 2.48 x 107° In./in. 
P cy -3y7z + 2000 + 2000 


Peak Relative Displacement @ €2p Oz = 2,48 x 1073 x 100 x 12 = 3.0 In, 


This technique is comparable to that used.in Examples 4.2 and 4.3 where the 


computation Is more precise because of the Incremental form of the computations. 


4.3 DIRECT-TRANSMITTED GROUND SHOCK 

4.3.1 Introduction. As mentioned earller, ground shock effects, 
though of a highly complex nature In the general case, are commonly divided 
Into two categories, namely the alr-Induced effects and the direct-transml tted 


effects, Hethods whereby the alir-induced effects, I.e. those motions Induced 
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at points beneath the ground surface as a result of air blast pressure 
passing over the ground Sarface: may be predicted were presented in 
Section 4.2. Oirect-transmitted effects, i.e. those ground motions produced 
by the energy imparted directly to the ground at the point of detonation, 
will be discussed in this section. | 

Present knowledge of direct-transmitted shock effects is sub- 


stantially less extensive than the knowledge of air-induced effects. This 


' situation Is a result of a number of factors, princIpal among which are the 


following: (1) Field test data for direct shock effects is far less 


‘extensive than for air-induced effects. (2) Field test data that are 


available, with only a very few exceptions, are from buried high explosive 
detonations. (3) Extrapolation from high explosive sheck effects to nuclear 
shock effects requires the introduction of a yleld equivalence factor, 
about which substantial uncertainties exist. (4) Extrapolation fron the 
effects produced by buried charges to effects produced by surface charges 
requires the introduction of another yield equivalence factor’to estimate 
the percentage of the energy in a surface burst which is propagated directly 
into the ground. (5) The test data that are available, even from HE 
detonations, produce very little information concerning the variation with 
time of the direct-transmitted shock pulses. In general, only maximum 
values of strain or Cesleracion were measured, 

Despite the difficulties enumerated above, efforts to establish 
prediction methods for the effects of direct-transmitted grcund shock have 


met with some moderate degree of success, at least when applied to a limited 
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range of rock materials. Ia general, the prediction methods are based on 
elementary concepts developed from one dimensional wave theory In a uniform 
alescre medium as presented in Appendix C. The sieaaheacy relationships 

for displacement, velocity, and acceleration developed on this basis were 
modified by empirically determined factors so as to yield results compatible 


with the limited amount of applicable test data available. 


4.3.2 Theoretical Basis of Predictions. On the basis of a plane 
wave theory for a uniform elastic medium, it can be shown that: 


ele ie 
¥. "pe (E) Gods ec (4-22) 


where v, Is the velocity of the particle in the mediun, o,, Is the stress 
Intensity In the direction of shock wave propagation, p is the density of 

the medium, c Is the velocity of wave propagation, E Is the modulus of 
elasticity of the material, and « is the strain In the medium in the direction 
of shock wave Propagation. 

The applicability of this relationship to direct-transmitted ground 
shock effects, which more properly should be characterized by a spherical 
wave apasagaring through soll or rock whose properties are neither elastic 
nor uniform, is highly questionable. The legitimacy of this approximation 
Is particularly questionable close to the point of detonation where the 
curvature of the advancing shock front becomes significant. At greater 
distances, it may be reasonable. However, despite the obvious inadequacies 
of this basis, It does serve to Insure proper scaling relationships between 
the particle motion parameters with which we are concerned and It also 


serves aS a framework around which to develop empirical relations expressing 
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shock effects as functions of weapon yield, range, and other pertinent 
parameters. 

To continue on the basis of plane wave theory, If the time 
dependent characteristics of the velocity pulse, the peak value of which 
is given by Eq. (4-22), are known, it is possible to compute the corres- 
ponding maximum ecceleration and maximum displacement in the medlum. Fig. 
4-2 of Ref. 4-3, which Is reproduced herein as Fig. 4-19, shows typical . 
qualitative wave forms for direct-transmitted ground motions. Virtually no 
Information is awallable as to the quantitative shape of these pulses; 
however, Ref. 4-25 indicates that the duration (t,) of the velocity pulse 
can be estimated within a factor of about two, as being equal to one-half 
the transit time of the pulse from the point of detonation to the point at 
which the motion is sought. Similarly, Ref. 4-26 also approximates the rise 
time (t.) from zero velocity to maximum velocity as about one-sixth the 
transit time of the velocity pulse. | 

The maximum acceleration can, of course, be computed from the 
slope of the velocity curve. The minimum possible acceleration would be 
consistent with a linear variation of the velocity with time between zero 
and Its maximuz value. However, it seems reasonable to expect that at 
some point during this ine, the slope of the velocity pulse will be 
greater than that corresponding to a linear variation. Ref. 4-3 suggests 
that the velocity pulse be assumed parabolic in shape; consequently, the 
acceleration would then be twice that corresponding to a linear variation 

: of velocity. This reasoning leads to the following expression for maxi- 


mun direct-transaltted acceleration 
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rt ; 2 tte (4-23) 
r/2 

where a. ts maximum radial acceleration, v Is maximum radial velocity, R 
Is the slant range from point of detonation, and the other quantities are 
as previously defined. 

Similarly, If the velocity pulse were known quantitatively 
throughout, the maximum particle displacement In the medium in a direction 
parallel to shock propagation could be determined by integrating the 
velocity-time pulse. Having avallabla-cnly the qualitative pulse Indicated 
herein In Fig. 419, It has been suggested that the pulse be aeseued . 
parabolic In shape, in which case its area Is equal to two-thirds of the 
positive phase length (t)) multiplied by the maxiaua velocity. This leads 
to the following expression for maximum radial displacement. 


2 1 
d =F vt) 25 Re (4-24) 


4.3.3 Energy Equivalence. Host of the test data available from 
which direct-transmitted shock effects may be estimated are from buried: 
high explosive detonations. To extrapolate from these data to estimate 
shock effects produced by surface nuclear detonations requires not only 
that the equivalence factor relating buried HE to buried nuclear be 
established, but also that the equivalence factor relating burled, fully 
contained datonations to surface detonations of the seme charge gigs be 
known. 

To relate fully contained nuclear charges to fully contained HE 
charges, a yleld effectiveness factor of 0.16 Is recommended (w,, = 0.16 Wu) - 


To relate a surface nuclear burst to a fully contained nuclear burst, a 
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factor of 0.06 may be used (surface Wy = 0.06 fully contained Way). Accord- 


Ingly, the equivalence factor relating a surface nuclear burst to a fully 


contained HE burst becomes 0.06 x 0.16 = 0.01 (surface W, = 0.01 fully 


N 
contained Wyyyp'- Significant differences of opinion exist regarding equivalence 


factors. At this time, however, the above factors are considered to be 


reasonable estimates. 


4.3.4 Experimental Results in Rock. Two primary sources for the 


-study of direct-transmitted shock effects exist. The earliest of these is 


the "rock'' part of the Underground Explosion Test program (vET) reported in 
Ref. 4-27. This was a study of the effects of buried high explosive 
detonations in rock. The size of the charges varied from 320 lbs. to 320,000 
lbs. of TNT. 

The second source is the one recent test of a small nuclear 
detonation in tuff in Shot Rainier of Operation Plumbbob. and is reported in 
Ref. 4-30. While the quantity of the data accululated in the UET tests far 
exceeds that acquired in the Rainier test, the latter is probably the best 
source from which to extrapolate for the effects of surface nuclear explosions. 
Using the Rainier results as a basis for extrapolation eliminates the un- 
certainties associated with the equivalence factor relating confined nuclear 
to confined HE, However, it should be noted that the Rainier test involved 
only one material, namely tuff, while the UET studies included several rock 
types as well as a companion study of the effects of detonations buried in 
soils of several types. Thus, the UET test results, when compared with those 
of the Rainier test, should serve to indicate the range of applicability of 


motion prediction expressions as developed from the Rainier data. 
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Rainier Effects. As indicated above, the Rainier shot of Spee 
ation Plumbbob consisted of the detonation of a small nuclear device in tuff 
having a seismic velocity of approximately 6000 fps. The most significant 

* results obtained in this test are portrayed in Fig. 4.1} of Ref. 4-30, which 
is reproduced in substance herein as Fig. 4-20. Reference to this figure 
” will indicate that the maximum observed radial acceleration produced by 


this detonation can be represented approximately by the following expression: 


1/3 


aw ae (2 x Tol!) g (rswi/3y-4 


4 


or _ + a = 2000 g Ga (4-25) 


Noting the compatibility relationships that must exist between 
acceleration, velocity, and displacement at a point, and also that the 
available data from the Rainier test as well as from other sources (particu- 
larly Refs. 4-26 and 4-27) indicate that velocity (or strain) and displace- 
ment vary as (17R)" where, approximately, 1 <n < 2 for displacements and 
15<n< 2.5 for velocity, Ref. 4+3 suggests that Eq. (4-25) be modified as 
follows: 


ae a, = 1350 g Hey’ 199 100 fty3-5 (4.96) 


Equations (4-25) and (4-26), which represent the data given on 
Fig. 4-20, are for a fully contained detonation. Using an equivalence factor 


of 0.06, as discussed earlier, to convert from buried effects to the effects 
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of a surface detonation, and converting the weapon yield from kilotons to 


megatons, Eq. (4-26) becomes 


5/6 (100 ft 3.5 


W 
a. = 40,500 9 (tae ae, (4-27) 
or perhaps more conveniently: 
5/6 ,1000 ft,3.5 
a2 12.7g Gh)? = (4-28) 


where W is given in megatons of surface nuclear yield. 
It is obvious that these expressions are applicable only to the 
tuff in which the accelerations on which they were based were measured. To 
generalize these equations so that they may be applied to other materials, 
it is possible to scale them in terms of the seismic velocity, c. Equation 
(4-23) indicates that acceleration should be a function of = Rewriting 
(4-28) as a function of en noting that it was derived for a material with 


a seismic velocity of about 6000 fps, yields the following expression: 


5/6 1900 fit) 3.5 


W 
47° 0.36 g ( R 


2 
int? (4-23) 


ST fps) 


By substituting Eq. (4-29) into Eqs. (4-22), (4-23), and (4-24), 


corresponding expressions for radial velocity and displacement may be obtained. 


= 0.95 fps (<= To00 fps) (4-30) 


THY? 


d= 3.8 in. STi w_5/6 (2000_ft)}- = (4-31) 


4.3.5 Applicability to Other Materials. Though Eqs. (4-29, 30, 
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and 31) appear to be applicable to any material whose "elastic'' properties 
can be characterized by seismic velocity, ¢, the fact remains that they 
were derived on the basis of test results in one material (Tuff, ¢ = 6000 fps) 
only. Because of the lack of a sound theoretical basis, the applicability 
of these equations to other materials can be checked only by comparing them 
with test results in other materials. 

Unfortunately, test data against which to compare the Rainier- 
based equations are very limited. In Operation Redwing several nuclear 
devices were exploded in rock and measurements were made of the resulting 
ground motions (Ref. 4-32). However, the yield was so small in comparison 
with that for which the instrumentation was planned that gages responded 
only in the very low regions of the response ranges for which they were adjusted. 


‘Consequently, quantitatively, these data should be considered unreliable, 


“Though the scatter of the resulis-tesquite barge, Fig. 3.5 of Ref. 4-32 does 
indicate that maximum radial acceleration varies roughly as ie or ce 
which agrees quantitatively with the Rainier data. 

Probably a better comparison can be made with tests reported in 
Refs. 4-27 and 4-31, which present the results of HE tests in rock and in 
soil, respectively. The charge sizes varied from 320 lbs. to 320,000 Ibs. 
of TNT. Though these tests were for high explosives rather than nuclear, 
data are extensive and several comparisons can be drawn. 

Reproduced herein as Fig. 4-21 is Fig. 3.5 of Ref. 4-27 on which 


are presented the radial accelerations produced in sandstone by several HE 


detonations. The average of these accelerations was represented by: 


1/3 ag wits *! 
aw = (2.9 x 10>) g =) (4-32) 
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where W is in pounds of TNT. To study the applicability of the Rainier- 
based relations to sandstone, it is of interest to reduce €q. (4-26) (on 
which Eqs. 4-29, 30 and 2! were based) to its equivalent in terms of pounds 
of TNT. Converting Eq. (4-26) to pounds of TNT, using an equivalence factor 


between HE and nuclear of 0.16, yields: 


a, = (3.5 x 10°) g (W)>/© Gy? (4-33) 
-which,: for comparison with Eq. (4-32), can also be written as 
aad 1/3 3.5 
aw/3 = (0.35 x To°) g a) (4-34) 


where W is in pounds of TNT. 


To be directly comparable, note must be taken of the fact that 


Eq. (4-26) and, consequently Eqs. (4-33) and (4-34), were obtained for tuff 


with a siesmic velocity of 6000 fps while Eq. (4-32) is for a sandstone having 


an average seismic velocity of about 9000 fps. To correct for this, Eq. 


(4-34) can be generalized, in terms of c, as follows: 


owls = (1.0 x 10%) g (R735 


(<< Senn)? 
wi/3 1000 fps 


(4-35) 
Using for sandstone ac of 9000 fps, Eq. (4-35) becomes 


aw’? = (8.1 x To’) g (rvwi/3)"9*5 (4-36) 


which is plotted on Fig. 4-21 for ease of comparison. Reference to this 
figure will indicate that, for scaled ranges less than about 10, Eq. (4-36) 


represents quite well an average of the sandstone data and, for scaled ranges 


-greater than about 10, it represents a reasonable upper bound. Thus, on this 
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basis, the Rainier-based relations appear to be generally applicable to 
sandstone as well as ue tuff, from which they were developed. 
The applicability of the Rainier-based equations to other materials 
« . can also be studied on the basis of strains. Fig. 3-1 of Ref. 4-27 pre- 
sents average values of strains as functions of scaled range for three 


materials as follows: 


-2, 
1/3) 0 


For Granite: e = (1.2 x To*) (r/w Micro in./in, (4-37) 


(c = 12,000 fps) 


For Sandstone: e = (1.9 x To*) (rewi/3)-2-4 


Micro in./in. (4-38) 


(c = 9,000 fps) 


1/3)-2.0 


For Limestone: « = (0.4 x To*) (R/w Micro in./in. (4-39) 


(c = 17,000 fps) 


To determine strains on the basis of the Rainier data, the accelera- 
tion, as given by Eq. (4-33), may be substituted into Eq. (4-23), which, 


with g = 32.2 ft/sec/sec., yields: 
e = (1.0 x TO) (rywl/3)~2-5 (hy? (4-40) 


If average values of c (as taken from Ref. 4-27) of 12,000 fps, 9000 fps, 
and 17,000 fps are used for granite, sandstone, and limestone respectively, 
Eq. (4-40) gives, for comparison with Eqs. (4-37, 38, and 39), the follow- 


ing: 
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Granite: ¢ = (0.7 x io Gwe ye Micro in./in. (4-41) 
Sandstone: e = (1.24 x To*) (r/wi/3y72-5 Micro in./in. (4-42) 
Limestone: e = (0.55 x To*) (rvwi/3y-2-5 Micro in./in, (4-43) 


This comparison can hardly be said to indicate general applica- 
bility of the Rainier data to ahaa materials; however, it should not be 
concluded on this basis alone that the Rainier data are inapplicable to 
materials other than tuff, since Eq. (4-40) is based on several assumptions, 
the most uncertain of which are the time-variation of the velocity pulse 
and the yield equivalence factor between HE and nuclear effects. 

Some insight into the applicability of the Rainier data to soils 
can be obtained by study of the results of HE tests in dry clay and dry 
sand as reported in Ref, 4-31. On the basis of information given on pages 
1-5 and 1-6 of Ref. 4-31, It appears that the seismic velocity of both the 
sand and the clay was about 1000 to 1500 fps at the shallow depths at which 
acceleration measurements were made. These acceleration measurements are 
reported in Figs. 2-39 and 2-40 of Ref. 4-31 for dry sand and dry clay, 
respectively, and are reproduced herein in Figs. 4-22 and 4-23, 

To compute accelerations for these soils on the basis of the 
Rainier data, use can be made of Eq. (4-35) with c-values of 1000 to 1500 
fps. In this manner the following relations are obtained. 


For c * 1000 fps: 


awls = (1.0 x 10°) g (R/wi/3)73-5 (4-44) 
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For c = 1500 fps: 


aw? = (2,25 x To*) 9 (rywi/3)-3-5 (4-45) 


For comparison, these equations are plotted on Figs. 4-22 and 4-23. 
' Though the point scatter is very large for these soils, the above equations 
: indicate general compatibility between the Rainier extrapolation and the 
measured accelerations in the two media. 

On the basis of the preceding discussion, it appears that, while 
the uncertainties are still very large and additional studies, both experi- 
mental and theoretical, are still needed, the Rainier-based relations 
(Eqs. 4-29, 4-30 and 4-31) can be used to estimate the radial motions pro- 
duced in a variety of media by surface nuclear detonations. It should, 
however, be emphasized that the results obtained in a given instance may 
be very substantially in error, easily by a factor of 2 or 3, and possibly 
higher, particularly when applied to materials other than that for which 
the basic relation for acceleration was aipleiceliy determined. 

4.3.6 Tangential Motions. The previous discussion was concaeeed: 
only with radial motions produced by direct-transmitted shock. Unfortunately, 
there is virtually no data on the corresponding tangential motions. However, 
until additional information becomes available it is recommended that, as 
for air-induced effects, the tangential displacement, velocity, and 
acceleration be taken as 1/3, 2/3, and 1 times the radial: displacement, 
velocity, and acceleration, respectively. 

Ref, 43 states that it is desirable to consider the direct-transmitted 


effects as belng applicable only at some distance below ground surface, except 


“a 
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‘perhaps at close-in ranges. At large ranges, it is suggested that the 
expressions developed above be applied only below a surface subtending an 
angle of about 20 degrees with the ground surface. 

4.3.7 Effect of Layered Systems. ‘s in the case of air-induced 
shock, no attempt is made to consider possible stress reflections between 
soil strata of different properties; however, the effect of stratification 
should be considered in arriving at effective seismic velocteies to be used 
in estimating direct transmitted accelerations and velocities. The follow- 
ing procedure is taken directly from Section 4.5.8 of Ref. 4-3. | 

For estimating the velocities and accelerations only, not dis- 
placements, in a two-layered system, the method illustrated tn Fig. 4-24 
based on ray-paths may be used as a best approximation at present. The 
Principle used is based on an effective value of c, designated as ¢c, for 
which the transit time by a direct wave from the source to the target is 
the same as for the fastest transit time of a shock wave in the complex 
layered system. 


Reference to Fig. 4-24 will show the following relationships to 


exist. 


sind = c,/ey 


and | R ., (2ie2)sece , Ro(2H-z) tend 
c 


. c¢, ¢ 
Thus: Lill, 2Hz hh 7 cif (4-46) 
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It will be noted that if 


2H-z od 
R —o0,c- Co 
and if 2 
= —_—_ 
c, Co, c c) 


As an example, if H = 100 ft, z = 60 ft, R= 2900 ft, ¢, = 2000 fps, 
and c, = 8000 fps, then one finds from Eq. (4-46) that ¢ = 6300 fps. Veloci- 
ties and accelerations could, therefore, be estimated by using this value of 


¢ for ¢ in Eqs. (4-29 and 4-30). 
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TABLE 4-1 


RATIO OF HORIZONTAL TO VERTICAL SOIL PRESSURES 


Ko? For Stresses Up to 1,000 psi 


Soil Description 


Dynamic Static 
Undrained Undrained  Drained 
; Cohesionless Soils, Damp or Ory 1/4 1/3-dense 1/3-dense 
1/2-loose 1/2-loose 

Unsaturated Cohesive Soils of Very 
Stiff to Hard Consistency i/3 1/2 V2 
Unsaturated Cohesive Solls of 
Medium to Stiff Consistency 1/2 M/2 1/2 
Unsaturated Cohesive Solls of . 
Soft ‘Consistency 3/4 1/2 to 3/4 1/2 to 3/4 
Saturated Soils of Very Soft to 
Hard Consistency and Cohestion- 1 1 1/2-stiff 
less Soils : 3/4-soft 
Saturated Scils of Hard Consist- 
ency. 4. = 4 tsf to 20 tsf. ae ae.4 , a 
Saturated Soils of Very Hard 3/4 1 1/2 


Consistency. qi > 20 tsf. 


Rock 


Obtain from tests on rock cores 


and correlate with seismic data, 


Material Seismic Velocity 
fps 
Loose and Dry Soils , - 600 = 3,300 
Clay and Wet Soils . 2,500 = 6,300 
Coarse and Compact Soils | 3,000 - 8,500 
Sandstone and Cemented Soils . 3,000 - 14,000 
Shale and Marl 6,000 - 17,500 
Limestone - Chalk : | 7,000 - 21,000 
Metamorphic Rocks 10,000 - 21,700 © 
Volcanic Rocks , 10,000 - 22,600 
Sound Plutonic Rocks 13,000 - 25,000 
Jointed Granite 5 8,000 ~ 15,000 
Weathered Rocks 2,000 - 10,000 


TABLE 4-2 TYPICAL SEISMIC VELOCITIES FOR SOILS AND ROCKS 


Based on information taken from: | ''Subsurface Exploration 
and Sampling of Soils for Civil Engineering Purposes", by 
Juul Hvorslev, ASCE Research Report, printed by Waterways 
Experiment Station, Vicksburg, Mississippi, 1948, p. 30, 


Fig. 4. 
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TABLE 4-3 APPROXIMATE OVERPRESSURES AT WHICH OUTRUNNING OF GROUND 
WAVE OCCURS, LARGE YIELD SURFACE BURSTS 


Stee peg ete mrp rr renee ae ere bee ae ee eT 


Formation 
Alluvium | 
Gravel (dry) 
Gravel (wet) 
Sandy clay 
Sandstone 
Shale 
Limestone 
Hetamorphic 


Granite 


Sources Re 


*Outrunning cond 
pressures less 


-Overpressure* 
psi 


less than 40 
10 - 100 
40 - 500 

100 - 500 
500 - 2000 
650 - 2500 
1500 up 
1000 up 


3000 up 


fF. 42 


itions may be anticipated at over- 
than those tabulated. 
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FIG. 4-2 CHANGE IN MAXIMUM VERTICAL STRESS 
WITH DEPTH DUE TO SPATIAL ATTENUATION 
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(2) If €, Is Positive, K Approaches The Lower 
Limit, K 4, The Active Case. 

(3.) If €, Is Negative, K Approaches The Upper 
Limit, Koy The Passive Case. 


FIG. 4-4 DEFINITION OF HORIZONTAL PRESSURE 
COEFFICIENT K. 
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FIG. 4-7 CONFINED COMPRESSION TEST RESULTS. 
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FIG. 4-10 EVALUATION OF PEAK RELATIVE DISPLACEMENT 


4-77 


Vertical Surface Velocity, Vp? in/sec. 


sooo Hitt 


3000 


Att 


1000 


B 
a i 
1.0 Mt 2 


5 
30 650 


FIG. 4-1] 


oo a eeiacee ae 
iitieeatieemaat FE 4 ear BRIBES 


Pe icte:.  swretal Jae as =|" CoCr e rh 
psi 


oa 
EEE et 


Peseta oe 5 a oy, 
5 Se a a mnie 
Pit SSS ay 


ae a as 
Sane ee Lr man cH 
SERIE Coy co Coo 
Pee BBO a Ae Ne a He Ue BO LE 


tote He 4 rae 


aneinip ant 


a] eH 


nnn Ya Pea any. 
a Loa 


Ne SN Ty = 


cI 
a 


Si SERS WOR ee) Say Ke EN SY i RR Mae GL 


100 300 500 1000 3000 5000 10,000 
Peak Overpressure,p psi. 


AIR-INDUCED SURFACE VERTICAL 
VELOCITY 


4-78 


FIG. 4-12 CHANGE OF WAVE FORM WITH DEPTH. 
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FIG. 4-15 SOIL PARAMETERS FOR EXAMPLES 
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FIG. 4-17 WAVE FORM 
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FIG. 4-18 DISPLACEMENT—TIME CURVES 
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FIG. 4-19 TYPICAL WAVE FORMS FOR DIRECT-TRANSMITTED 
GROUND SHOCK. (From Ref.4-3) 
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CHAPTER 5.° OETERMINATION OF LOADS ON STRUCTURES 


5.1 INTRODUCTION 


In addition to the normal dead loads and live loads for which 
conventional structures must be designed, protective structures must resist 
forces which may be imparted to them as a result of a nuclear explosion. 
This chapter is devoted to a discussion of the nature of the blast-induced 
forces which a protective structure may be expected to experience. These 
re usually will be much larger, perhaps by several orders of magnitude, 
than the conventional dead and live loads; however, there are exceptions. 


In any event, the total force for which a structure should be designed must 


include the usual dead and live loads in addition to the blast forces. It-——~ ~~ 


is assumed herein that the procedures for determining dead loads and normal 
live loads are familiar to the reader; consequently, this chapter will, with 
minor exceptions, be restricted to considerations of blast-induced forces. 
The nature of the forces produced on a structure by a nuclear 
explosion depends on a multiplicity of factors, principal among which are 
the following: (1) the location of the structure with respect to ground 
surface - completely above ground, completely buried, or partially above 
ground and mounded with earth; (2) the geometrical configuration of the 
structure - rectangular, arched, domed, or a framework; (3) the orientation 
of the structure with respect to the direction of shock propagation; and 
(4) the location of the structure with respect to the point of detonation of 


the weapon, 
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For structares either partially or completely below ground, 
additional factors must be considered, Included among these are: 
(1) the shape of the earth surface above the structure; (2) the depth of 
earth cover over the structure; (3) the type of soil in which the structure 
is placed and the location of the water table; (4) the flexibility of the 
Structure relative to that of the soil in which it is placed, and (5) the 
construction methods (particularly the backfill procedures) employed in the 
erection of the structure. 

It should be noted here, and it will be emphasized repeatedly 
throughout this chapter, that our knowledge of the nature of the forces 
produced on structures by a nuclear explosion is still incomplete. This 


is particularly true of buried structures for which, to define correctly 


“the nature of the blast leading, it is necessary to understand the complex 


interaction of the structure and the blast-loaded soil In which it is 
placed. For such structures, even though there has been a substantial 
amount of both theoretical and experimental research directed toward this 
problem, it is still necessary in many instances to rely heavily on the 
judgment of men who have accumulated a substantial background of experience 
in this area, 

The loading recommendations given herein are, to the fullest extent 
possible, based on the results of theoretical studies and field and leborator 
test observations. In those cases where the recommendations are based 


primarily on judgment, this is indicated. 


5.2 ABOVE-GROUND STRUCTURES 


5.2.1 Introduction. When a structure is placed above ground in 
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the environment of the air blast wave from a nuclear detonation, time- 
deneadent forces bee imperted to the structure. These forces are dependent 
both in peak value and in variation with time on the characteristics of the 
overpressure and dynamic pressure in the free-field and the geometrical 
configuration of the Structure, The characteristics of the free-field 
pressures are treated in Chapter 3-and are not repeated here, 

- Conventionalized loadings of above-ground structures, including 
the effects of structural geometry, are Presented in considerable detail in 
a number of publications, perhaps the most readily available of which is 
The Effects of Nuclear Weapons (Reference 5-1). However, for convenience, 
these loadings are reviewed herein and the influence of variations in some 
of the more uncertain, but nonetheless significant, parameters is discussed, 

For any given set of free-field overpressure and dynamic pressure 

pulses, the forces imparted to an above-ground structure or structural 
element can be divided into three general components: (1) the force result- 
ing directly from the overpressure, (2) the force resulting from the dynamic 
pressure, and (3) the reflected pressure which results when a shock front 
impinges upon an interfering surface. The relative significance of each of 
these three components is dependent upon the geometrical configuration and 
size of the structure or structural element, and the orientation of the 
structure relative to the direction of shock wave propagation. In this 
section consideration will be given to the loads for which rectangular 
structures, frameworks, arches, and domes should be designed when placed 


completely above the ground surface. 
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AS a matter of interest, it should be noted that above-ground 
protective structures cannot usually be economically justified at over- 
pressure levels in excess of about 30 psi. For pressure levels above this 
value, eque  rrotection can usually be achieved at lower cost by placing 
the structures in a buried or partially burled configuration, It is, however, 
. recognized that the functional requirements of some installations may well 
require that above ground structures or above ground portions of underground 
Structures be designed to withstand pressures of several hundred psi. | 

5.2.2 Completely Closed Rectangular Structures, The completely 
enclosed above-ground rectangular structure is the structural form and | 
environment for which the blast loading can be defined with the greatest 
confidence. For design purposes, It is necessary to consider the followIng 
three loadings for such a structure: (1) the load on the front, or 
windward, face; (2) the load on the rear, or leeward, face; and (3) the 
load on che roof of the structure. Since, In general, the shock may approach 
the structure from any direction, it is usually necessary that all walls 
of the structure be designed as though they were windward faces. Con- 
sequently, the load on the leeward face is of interest only to the extent 
that it must be considered in combination with the load on the windward face 
to arrive at the net translational force on the entire structure, 

Windward Face, The cenventionalized loading on the windward face 
of a closed rectangular structure is illustrated in Fig. S-l(a). It should 


be noted that the maximum pressure is taken equal to the reflected pressure 
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determined as discussed in Chapter 3, 

For an overpressure pulse which rises instantaneously from zero 
to its peak value, the rise time to peak reflected pressure on the wall 
surface can also be taken as zero. dedevel: for a case in which the rise 
to peak overpressure is accomplished in a finite time, the maximum intensity 
of reflected pressure as well as the time variation of reflected pressure 
4 prior to the attainment of its maximum value Is uncertain. The peak re- 

flected pressure can be taken conservatively as that for an overpressure 
rise time of zero. For a vertical wall surface, the time variation 

of reflected pressure prior to its maximum value is normally not of par- 
ticular consequence; it can usually be taken with little error as a 
linear variation from zero to maximum in a time equal to the rise~time of 
the overpressure pulse, 

The magnitude of the rise-time of the overpressure pulse is ill- 
defined but, In most Instances, Is small enough that it can be taken as 
zero without introducing significant error. An indication of the magnitude 
of this rise time, as it varies with overpressure level for an ideal 
pulse is given in Fig. 2-2.3 of Ref. 5-4, 

It should be noted that the linear decay of reflected pressure 
loading from its maximum, as shown in Fig. 5-1(a), cannot be representative 
of every point on the windward wall surface. Similarly, considerable un- 
certainty exists concerning the time required for the pressure to decay 


from the peak reflected value to a value equal to the sum of the overpressure 
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and drag pressure. As Fndiceted in the figure, it is recommended that this 
reflected pressure decay time be taken as 35/U where S$ is the least distance 
from the stagnation point on the windward surface of the structure to the 
edge of the structure and U is the velocity of shock propagation of the over- 
pressure pulse. The stagnation point is defined as the point on the surface 
of the structure most remote from any free edge of the structure. For an 
above-ground structure with its foundation flush with the ground surface, 
this sioule 66 equal either to the height of the structure or to half the 
width of the structure, whichever is less. 

As mentioned above, this conventionalized reflected pressure load- 
ing cannot be representative of all points on the front face of the structure 
since, after reaching a maximum value, the decay of reflected pressure at 
any point is dependent on the distance of that point from the free edge of 
the structure. Consequently, at any given instant of time, it should be 
possibic tu piot contours of equas refsecled presssic ol the front face, 
such contours increasing in value from a minimum adjacent to the edge of the 
Structure to a maximum at the point of stagnation. The idealization 
depicted in Fig. 5-i(a) is recommended as a reasonable approximation of the 
average load Bk the front face. After the reflected pressure effects have 
vanished, the load on the windward wall is, as indicated on the figure, 
equal simply to the overpressure plus the drag pressure. 

If the front face of the structure is inclined with respect to 
the ground surface, the blast wave does not impinge on all ei Gndets of the 
wall surface at the same time; rather, the wave front traverses the wall in 


a finite time equal to the horizontal projection of the wall divided by the 
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shock front velocity. The general nature of the loading on such an inclined 
surface can still be characterized as ‘ndiceted in Fig. 5-l1(a); however, the 
variation with time during the build-up to maximum pressure as well as the 
decay from this maximum to the quasi-study-state condition is subject to a 
greater uncertainty than exists in the case of the vertical wall surface. It- 
is recommended that, for such a case, the rise time to maximum reflected 
pressure be taken equal to the transit time of the shock pulse across the 
inclined surface plus the rise time of the overpressure pulse, which is 
usually taken to be zero. Similarly, it is recommended that a linear decay 
from peak reflected pressure to the quasi-steady-state condition in a time 
interval equal to 3S/U be used. S$ is equal to the distance from the 
stagnation point to the edge of the surface, such distance being measured 
on the wall surface rather than along its projection on a vertical surface. 
On an Inclined surface it should also be noted that the reflection 
factor, by which the peak overpressure is multiplied to obtain the peak 
reflected pressure, and the drag coefficltent, by which the dynamic pressure 
is multiplied to determine the drag pressure, vary with the slope of the 
inclined surface. The influence of the angle of incidence on the magnitudes 
of these two pressure coefficients is discussed In Chapter 3. 
Leeward Face. The conventionalized loading on the rear, or 
leeward, face of an above-ground closed rectangular structure is depicted 
in Fig. 5-1(b). No pressure is felt on the rear face until the shock front 


reaches that point. Consequently, using the same time reference as for the 


“front face, pressure begins to build up on the back face at atime equal to 
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L/U, the length of the structure parallel to the direction of shock 
propagation divided by the velocity of shock peopagation: At some later 
time, after the rear face has become completely engulfed in the Siast; the 
pressure reaches a maximum value equal to the side-on overpressure reduced 


‘by an avoun ~gual to the drag pressure which acts as a suction in the 


direction of shock propagation. Since the overpressure pulse does not impinge 


on this leeward face, there is no reflected pressure. The pressure on the 
rear face is considered, as indicated in the fisures to build-up linearly 

in a time equal to 55/U where $ and U are defined in the same manner as for 
the front face. Clearly, the linear variatlon of pressure with time assumed 


during this build-up period cannot be real; its actual nature is uncertain. 


As in the case of the reflected pressure decay on the front face, the assumed 


linear variation with time is not indicative of any particular point on the 
rear face. Those parts of the rear face adjacent to the free edges of the 
structure will first receive the influence of the shock pulse and, as the 
pressure flows around the structure, the entire rear face is loaded, The 
pressure variation as shown is recommended as a reasonable average condition 
to be considered for the entire rear face. It should also be noted that 
there is some difference of opinion as to the time required for the build-up 
of pressure on the rear face. The recommended value of 5S/U is taken from 
Ref. 5-2, while Ref. 5-1 recommends a value of 45S/U. 

Appropriate drag coefficients are given in Chapter 3 for 
computation of the drag loading on the rear face. 

For large yleld weapons and structures of normal proportions, it 


is usually satisfactory to ignore the variation in free-field conditions 
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between the front and rear faces of the structure. To be "correct'', one 
should consider the decrease in free-field overpressure and dynamic pressure 
consistent with an increase in range equal to the length of the structure 

in the direction of shock propagation. This decrease is usually so small 

as to be of no consequence. It should be noted that, for very large 
structures and for very small weapons, particularly If the overpressure 

‘ levels of interest are quite high, the change in free~field conditions 
between the front and rear faces may be significant. In such cases, these 
variations should certainly be taken into account, 

Net Translational Force on Entire Structure, To determine the 
translational force for which the entire structure must be designed, it is 
necessary only to add at each instant of time the loading as determined 
above for the windward and leeward faces, To facilitate this addition, the 
front and rear face loadings should be plotted to the same time scale. It 
is usually convenient to use as zero time the instant at which the advancing 
shock front first contacts the windward wall surface. 

Roof Loading, As the shock front traverses the structure, a 
pressure is imparted to the roof equal at any given time to the magnitude of 
the overpressure present at that time at any specified point on the roof, 
reduced somewhat by a negative drag pressure, or suction, associated with 
the passage of air particles over the surface. The magnitude of this negative 
drag coefficient varies with pressure level; sppropriate values are given 
in Chapter 3, 

Since a finite time is required for the shock pulse to traverse 


the roof of the structure, it is clear that the rise time to maximum pressure 
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is something in excess of the rise time of the overpressure pulse. Because 
of the lateral extent of the roof surface parallel to the direction of shock 
propagation, the real loading is a complex function of both the location 
er the roof surface and the time-dependent varlation of the overpressure pubes 
It is adequate for design purposes to use an average roof loading as depicted 
in Fig. S-1(c) which rises linearly from zero to a maximum value in a time 
equal to the transit time of the pulse across the roof plus the rise time of 
the overpressure pulse, which is generally taken to be zero. Beyond the 
maximum, it is equal at all times to the overpressure reduced, as mentioned 
above, by the negative drag loading. If, as is usually the case, the roof 
“Sendotuce consists of separate panels supported on the walls or columns, 
the lateral dimension used in computing the transit time should be taken 
as the dimension, parallel to the direction of shock propagation, of the 
roof panel being designed rather than the entire length of the roof structure. 
5.2.3 Above-Ground Open Rectangular Structures. In the preceding 
section consideration was given to the loads for which a completely enclosed 
above-ground rectangular structure subjected to an air blast pulse from a 
nuclear explosion should be designed. If the structure, instead of being 
completely enclosed, has openings in the walls and/or the roof, the blast- 
induced forces, though still consisting of the three components of over- 
pressure, drag pressure, and reflected pressure, are substantially modified. 
The extent to which the loading is modified. is dependent primarily on the 
percentage of the wall surface area that is open, thereby permitting the 


blast wave to pass through the structure rather than around and over it. 


The most significant influence of wall openings is that they permit a build- 
up of pressure inside the structure; consequently a tendency towards 
equalization of the overpressure effects on all elements of the structure 
exists. Clearly, if the percentage of open wall area is very small, the 
time required for a build up of internal pressure will be so long as to have 
2 virtually no influence on the loads for which the structure or its elements 
should be designed. For such a case, the structure should be designed as 

a completely closed one. At the other extreme, if the structure consists 
primarily of open framing, exemol ified by the steel frame of an ordinary 
warehouse, the effect of the wall area becomes undetectable and the entire 
Structure is engulfed both internally and externally as the advancing shock 
front passes through it. For such a structure, the forces which must be 
considered in design are those imparted only to the relatively smal! 
individual structural elements of the frame. 

Between these two extremes there Oe a broad spectrum of 
Structural types in which varying percentages of wall area may be considered 
to be open. On the basis primarily of theoretical studies, as indicated in 
Ref. S-l, it has been generally accepted that if the open wall area 
constitutes less than approximately thirty percent of the gross wall surface 
area, the structure may be considered effectively as a closed structure and 
should be designed for the loads as discussed in Sec. 5.2.2. For structures 
in which the wall openings constitute an area in excess of about thirty 
percent of the gross wall area, it is similarly recommended that the structure 
be considered an open structure which should be designed for the loads as 


discussed below. 


S-11 


scien ala i aaa a ee a eal mecca Nanet caer cea oer aterem ane cee adem aminiceatameniaiiomaraiadianmeadammamrieeme ee eee ee 


Clearly, the distincevon between an open structure and a closed 
structure Is somewhat arbitrary; however, it is conservative since the design 
loadings for a closed structure are substantially more severe than those for 
an open structure of the same geometrical dimensions and a thirty-percent 
wall opening is adequate to permit the build up of the tnternal pressure 
necessary to counteract the effect of the externally applied overpressure. 

The loading on the windward wall elements of an open structure 
can be determine' in the same manner as the loading on the windward wall face 
of the closed structure If the influence of the structural dimensions on the 
time variation of the loading components is taken into account. That is to 
say, the dimension L which influenced the time at which pressure began to 
build up on the leeward face of the closed structure should, for an open 
Structure, be replaced by the front wall thickness to define the time at 
which pressure begins to build up on the leeward side of the front wall. 
Similarly, the dimension S which defines the time required for the peak 
reflected pressure to decay to the pseudo-steady~state condition for the 
windward wall of the closed structure, should now be computed as the least 
distance from the stagnation point of a particular wall element to the edge 
of that element, be it the edge of the structure or the edge of a wall opening. 
The net effect of these changes for most structures that can be characterized 
as ‘open structures" is virtually to eliminate the effect of overpressure as 
a loading component on the ccane wall surface, and to reduce severely the 
duration of the reflected pressure component, leaving primarily a drag 


loading equal to the dynamic pressure multiplied by a drag ccefficlent, the 
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appropriate vaiue of which can be determined from data given in Chapter 3. 
For a bare structural frame, the complete neglect of sierpressuve-and 
reflected pressure as loading components és entirely reasonable. 

One rather important difference should be noted at this point 
between the design of wail elements for completely closed structures and 
completely open structures. For a completely closed structure, the 
controlling design loading for a wall always acts on the outside of the 
wall element, though, as discussed in Chapter 9, consideration must always 
be given to the possibility of elastic rebound for short duration loadings. 
For a partially open structure, since the blast wave passes through the 
structure, the leeward wall will be loaded from inside the structure in 
somewhat the same manner as the windward wall is loaded on the outside, 
This is indicated in Fig. 5-2, which was taken from Ref. 5-1 generalized 
to include a rise time of the overpressure pulse. Consequently, the wall 
elements of partially open structures should be designed to resist loadings 
applied in either direction, 

The net translational force for which the entire structural frame 
should be designed can be taken as the summation in time of the loadings .on 
the individual components engul fed by the advancing shock front. For a 
partially open structure in which the primary elements are the windward 
and leeward walls, the net translational force can be taken as the sum, 
in time, of the loads on these surfaces. 

For an open structural frame in which, as mentioned before, only 


the drag loadings on the individual structural elements need be considered, 
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the net translational force should be taken as the summation in time of 

the loadings on each exposed structural element including columns, truss 
members, purlins, girts, bracing elements, etc. To attempt to arrive at the 
loading in such a rigorous manner would imply greater knowledge of the 

true loading than really exists. Consequently, it is usually reasonable 

to determine the net translational force on an open frame structure as being 
equal to the dynamic pressure multiplied by the total area of all structural 
elements projected on a vertical plane, multiplied by an average drag 
coefficient for the structural elements which takes into account the 
influence of the geometrical shapes of the structural elements. Such a 
procedure results in a slightly more severe loading than would be obtained 
if the loadings on each structural element were summed In time to obtain 

the total igsajage however, this effect is off-set at least to some extent 
by the neglect of spikes of reflected pressure and overpressure experienced 
by each of the elements as they are engulfed in the shock wave. 

There are other factors involved in the determination of the load- 
ing on an open structure which have been neglected in the procedure above. 
Principal among these are the effects of shielding of one element of a 
Structure by another element between it and ground zero. Clearly, if one 
“element is placed against and directly behind another element, the loading 
on the two elements should be determined as though they were one element. 

If the distance between the two elements is increased, they begin to 
experience individual loadings. However, each of these loadings is 
affected by the presence of the other member. Such interference is 


particularly noticeable in the reflected pressure and drag loadings. 


-The drag coefficients recommended in Chapter 3 for use with various 


Structural configurations assume these structural elements to be alone 
in the path of the advancing shock wave. If the two elements are 
closely spaced, the shock wave is disturbed and consequently the drag 
coefficients are modified. Similarly, particularly for the shielded 
element, if the shock front has been substantially disturbed, reflected 
pressure effects may be virtually ieacantatene: | 

While these effects are known to exist, they have not been 
sufficiently well defined to permit their inclusion in the determination 
of Voadings on above ground open structures. Fortunately, they are 
normally of relatively little significance. It has been demonstrated 
that if the distance between elements in the direction parallel to 
shock propagation is equal to or greater than approximately 10 times 
the lateral dimension of the windward element, the effects of shielding 
become very small and can, therefore, be neglected, In this connection, 
It should also be noted that in open frame structures the effects of 
shielding can usually be neglected even though shia distance between 
Individual structural elements may be much less than ten times the 
lateral dimension mentioned above. If the orientation of the structure 
with respect to the blast propagation direction is changed slightly, 
these closely spaced elements are no longer arranged tn a plane paraliel 
to the direction of shock propagation; consequently, each of them is 
subjected to the full Intensity of the advancing shock front without 
significant interference by other members. 

In the preceding discussion, frequent reference has been made 
to an open structural frame. Actually, there are few such structires ~ 


perhaps water tewers, antenna towers, outdoor cranes, and the like. 
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Practically, there are many such structures existing in the form of 
ordinary mill buildings which consist of simple structural frames with 
light, frangible, wall covering. Such wall covering may be of 
corrugated metal, asbestos, or perhaps unreinforced masonry. Such walls 
usually are incapable of resisting even very low pressures and are 
blown off the frame early in the history of loading. In the process 
of bresking, the wali covering does impart an impulse to the structural 
frame. In most cases, this impulse is so small that it can be neglected. 
However, if the wall covering is such that an appreciable impulse is re- 
quired to fracture it, an estimate should be made of this failure 
impulse which should then be added at time zero to the drag loading 
determined for the exposed Structural frame. 

5.2.4 Above-Ground Arches. The loading on an above-ground 
arch is similar in many respects to that discussed in Section 5.2.2 
for an above-ground rectangular structure. However, because of the 
curvature of the arch, the angle of the incidence between the advancing 
shock front and the surface being loaded changes continuously around 
the arch. This complicates the loading for which an arch must be 
designed, | 

Since it is not possible to control the direction from which 
an advancing air blast wave will engulf the structure, an arch should 


be designed for the case of the shock front advancing normal to the 


longitudinal axis of the arch, since this is the orientation for which 


the loading is most severe. 
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Design of the end walls should be based on a loading 
appropriate to the structural configuration of the end walls. 


As in the case of a rectangular structure, the load at any 


‘point on the surface of an arch is composed of the three components, 


namely, reflected pressure, overpressure, and dynamic pressure. Brief 
consideration of each of these components may be appropriate. 

As the advancing shock front makes contact with, and passes 
across the arch, each point on the arch is subjected to a radially 
applied pressure equal to the overpressure in the shock wave at that 
particular point and time. Ouring transit of the shock front across 
the arch, constantly varying, nonuniform radial loads are applied to 
the arch as overpressure. After the arch has become completely 
engulfed in the shock wave, the effect of overpressure can be considered 
in most instances as a uniform radially applied pressure equal to the 
time-dependent overpressure of the engulfing wave. If the span of the 
arch is very large and the duration of the overpressure pulse is very 
small, it may be desirable to take account of the variation with time 
of the overpressure intensity around the arch. 

As the shock wave engulfs the arch, each point of the sch is 
also subjected to a drag force, the intensity of which is dependent 
upon the magnitude of the dynamic pressure and the drag coefficient 
which, in turn, varies from point to point around the arch because of 
the change in angle of incidence. Consequently, the effect of drag 


loading on an arch is to produce a nonuniform, time-dependent, radial 
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pressure around the arch, ape only during transit of the shock front, 
but even after the arch is completely engulfed in the blast wave. . 
The response of an above-ground arch to reflected pressures 
is similar to the response to drag loading. As the advancing shock 4 
front intersects or impinges on successive points along a circumference 
‘of the arch, pressures are increased by reflection, but to varying 
degrees depending on the angle of incidence between the shock front and 
the tangent to the arch at the point of interest. Consequently, the 
effects of reflection are greatest at the base of the arch where the 
"tangent is most nearly vertical, and decrease as the shock front advances 
to the crown of the arch, at which point the shock front is traveling 
parallel to the arch surface and, consequently, reflection effects vanish, 
Another factor of considerable importance is the general 
character of the shock front. The simplest loading is that associated 
with an Ideal shock in which the rise to peak overpressure is 
Instantaneous, followed by the theoretical exponential decay. For load 
pulses in the precursor region, or where there is a significant finite 
time involved in the rise from zero to peak overpressure, the arch 
loading is more complex. In such regions the reflected pressure is 
reduced, while the dynamic pressure, though virtually impossible to 
predict with confidence either in magnitude or in time variation, is 
probably substantially Increased, | 
The preceding paragraphs indicate quite clearly, that the 


"real"! load which may be expected on an arch subjected to the effects 1 
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of an air blast pressure pulse is an extremely complex function and one © 
which, at present, is incapable of rigorous definition. A very sub- 
stantial amount of effort has been devoted to the study of this question. 
Probably the most extensive work is that done by the American Machine 
and Foundry Company as summarized in Ref. 5-3, Somewhat more idealized 
loadings of the sone general character as those presented in Ref. 5-3. 
are given in Ref, 5-4 and are reproduced herein as Figs. 5-3 and 5-4. 

Design procedures for complex loadings of a form similar to 
those depicted in Figs. S-3 and 5-4 have been developed by AMF and 
presented in Ref. S-3., 

In Ref. S-5, Newmark and Merritt recommended a highly simplified 
loading for the design of above-ground arches. The simplified loading 
has as its basis the assumption that an above-ground arch loaded by a ; 
shock wave traversing the arch in a direction normal to its longitudinal 
axis will respond in two primary modes; namely, a breathing mode consistent 
with a uniformly applied radial pressure, and an antisymmetrical flexural 
mode corresponding to a load applied radially inward on the windward side 
of the arch and radially outward on the leeward side of the arch. The 
first of these modal loadings, referred to hereafter as the compression 
loading, is illustrated in Fig. 5-5(a) and is identified as a uniform 
radial load of magnitude Poe The second modal loading, identified 
hereafter as the flexural mode, is an antisymmetrical load of magnitude 
Pp as illustrated In Fig. 5-5(b). Both of these modal components vary 


with time as described in the following paragraphs, and as shown in Fig. 5-6. 
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For the compression mode, Fig, 9-6(a), the uniform radial 
pressure p. is assumed to increase iinearly from zero to a maximum 
value of Poor the Free-field side-on overpressure, in a time t. as 
given by: 

t= (1 - B/a) | (s-1) 
where 1 is the transit time of the shock wave across the structure 
and B is half the central angle of the arch. At times greater than 
te the uniform radial component of ioading, Pos is assumed to decay 
with time in the same manner 38 the free-field Bvetorsdeure: 

eee flexural mode, the pressure pulse may be considered 
as consisting ¢«f two components - an initial component resulting from 
the unsymmetrical loads imparted to the arch as the shock wave passes 
over the arch, and a drag component resulting from the continuing drag 
loading after the arch has been engulfed by the shock wave.: These 
components are shown in Figures 5-6(b) and 5-6(c). While unnecessary 
for the above-ground case, the total flexural load has been divided 
tnto these two components to facilitate a subsequent discussion of 
loading on partially buried arches. 

The initial component of the flexural mode, Pe, (t), increases 


linearly to a maximum value of 


Pp 
Pe? [ aay + (B/x) lass = ae (5-2) 


+ 


at a time +/2 and decays linearly to zero at time (1 + 3 6/a)t as shown 


in Fig. 5-6(c). The drag component of the flexural loading, Peo (t) is 


arene —— We ETE A ERI IE OT, STR I OC ATE OE AEE CR CE OSS ET 


shown in Fig. 5-6(b) as increasing linearly to a maximum value of 
Pe (Br n)C, Py (5-3) 

at atime (1 + 3 B/x)t and thereafter remains approximately equal to 
Ppa (t) = i Brn)ey pyle) | (5-4) 


where p(t) is the time~dependent dynamic pressure defined in Chapter 3, 
and C, is the appropriate drag coef ficient. 

The drag coefficient can be taken as approximately 0.4 for a 
nearly ideal blast wave when the peak overpressure is less than about 
100 psi. For non-ideal wave forms, such as caused by a precursor, the 
dynamic pressure may be two to three times the theoretical values. These 
effects are believed to be caused by a combination of air heating by the 
thermal pulse and the large quantities of entrained dust. It is recommended 
that Cy be Increased to about 1.0 in such cases. 

In the simolified loadings recommended by Ref. 5-5, portrayed 
here in Figs. 5-5 and 5-6, time zero is taken in all instances to be 
the time at which the shock front first reaches the windward surface of 
the arch. 

The resultant combined flexural loading is obtained as a 
summation with time of the two loading components Pey and Peo as portra‘ed 
in Figs. 5-6(b) and 5-6{c). Thus 


pelt} = pgs (t) + Ppp (td (5-5) 


For most design cases, the simplified loadings taken from 


Ref. S-S are thought to be reasonable and are recommended here for general 
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use. The extent of the simplifications involved in this loading are 
obvious. When, in the opinion of the designer, the circumstances 
warrant a more rigorous design procedure, it is recommended that re- 
course be taken in the methods of Ref. 5-3. It should be noted that 
the loadings aed in the procedures of Ref. S-3, which are of the same 
general nature as those depicted herein in Figs. 5-3 and 5-4, are a 
more realistic representation of the real loads to which an above-ground 
arch will be subjected; however, uncertainties of substantial magnitudes 
still surround the parameters used to define this more complex loading. 
Furthermore, the complexity of both the loading and of the design 
procedure may imply a greater precision in the design then really exists. 
$.2.5 Above-Ground Domes. The loads induced on above-ground 
domes by air blast are similar in their characteristics to the loads 
induced on above-ground arches. The three-dimensional curvature of domes 
serves to complicate further the definition of the loading of a particular 
point on a dome as compared to that of a similarly located point on an 
arch; however, similar parameters can be used to define the loading. 
Reported in Ref. 5-6 are the results of pressure measurements 
taken on the surface of 50-foot base diameter, 30° central angle, 
reinforced concrete domes tested in Operation Plumbbob. The measurements 
taken in these tests are summarized in Ref. 5-3, in which they are used 
to develop the design loading schemes as given in Section 1.5.1 of that 
reference. As for above-ground arches, similar definitions of dome 


loadings, though somewhat more idealized, are presented in unclassified 
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form in Ref. 5-4. The recommended loadings of Ref. 5-4 are reproduced 
herein as Figs. 5~7(a) and 5-7(b). Reference to these figures will 
indicate that these loadings recognize the point-wise variation with 
time of the pressure on the dome surface. They also take into account 
the sopbrENely significant influence of the character of the free-field 
pressure pulse on the loadings imparted to the dome surface; for an 
ideal free-field pressure pulse, the eitece of reflections as the advancing 
shock front impinges on the windward surface of the dome becomes a 
significant part of the loading, whereas for the non-ideal free-field 
pulse the effects of reflections of pressure tend to diminish, or even 
disappear. 

In Ref. 5-5, Merritt and Newmark present, as they did fae arches, 
a simplified design loading for above-ground domes. In this reference, 
modal loadings for a dome were defined in the same manner as for an arch, 
as discussed in the preceding een The compression mode loading is 
identical to ‘that prescribed for an arch, The ~ecommended flexural mode 
loading, while varying in time exactly as prescribed for an arch (see 
Fig. 5-6), takes as its maximum value one-half the maximum value of the 
pressure locally applied by the shock at the most windward point on the 
surface of the dome. This maximum pressure is a function of the angle 
of incidence on the dome surface. Its magnitude is taken equal to the 
reflected pressure consistent with the overpressure level and the slope 


of the surface. 
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A review of th loading schemes outlined above suggests that 
the loading recommended in Refs. S~3 and 5-4 is more complex than is 
warranted by the present state of knowledge, whereas the loading 

recommended by Ref. S=5S is perhaps an Siersimeltrication of the real at 
Weaaiag: It is suggested that a reasonable design loading may be 
obtained by modifying the load recommendations of Ref. 5-5 to acknowledge 
both the latitudinal and longi tudinal variations of the load-time 
function associated with the reflected pressure and drag pressure 
components of the load. In other words, whereas Ref. 5-5 assumes the 
flexural mode loading to be uniform inward on the windward side and 


uniform outward on the leeward side of the dome, it is recommended herein 


that variations over the dome surface be taken into account. 

As in Ref. 5-5, it is recommended that the loading be composed 
of two parts, one part being consistent with the compression mode of 
response and the other being consistent with antisymmetrical or 
flexural’! mode of response. These loadings are illustrated in Fig. 5-8, 
The uniform compression component of load has a maximum value equal to 
the free-field side-on overpressure, Psot Tt has a rise time equal to 
that given in Eq. (5-1) for an arch, after which the pressure decays with 
time as does the free-field overpressure. 

The unsymmetrical, or flexural, load should vary in time with 
both latitude and longitude. The surface variation in this loading can 


be taken as indicated in Fig. 5-8(c) and the variation in time can be 
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taken exactly as described for the flexural loading component of an 
arch in Fig. 5-6. As for an arch, it is convenient to split the 
unsymmetrical loading into two components; one of these components 
corresponding to the unsymmetrical loading which exists during the 
transit of the shock front across the dome while the other component 
corresponds to the continuing force resulting from drag. 

The total unsymmetrical loading, p(t), is equal to the time- 
wise summation of the initial component, P¢,(t), and the drag component, 
Peo (t). For a dome, p,_, the maximum value of p,,, should be computed 
as the maximum reflected pressure on the windward part of the dome. 
Similarly, the drag coefficient, Cys used to determine the drag 
loading component, Peo» should be chosen consistent with the slope of 
the dome surface at its base. The selection of a pressure reflection 
factor and a drag coefficient consistent with the slope of the dome 
surface at its springing line is discussed in Chapter 3. 

Even though the loading scheme recommended above is a highly 
simplified approximation of the real loading, it is sufficiently complex 
to cause some difficulty in design. Recognizing this, design procedures 
taking into account the nonuniform nature of the flexural mode loading 


have been developed and are presented in Chapter 8, 


5.3 UNDERGROUND STRUCTURES 
5.3.1 Introduction, When a structure is located beneath the 


surface of the ground, the load produced on-it by a nuclear explosion 
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Seance dependent upon the nature of the free-field pressure pulse in 
the soil in the vicinity of the structure; the type, size, and orien- 
tation of the structure; the construction procedures used; the nature 
of the supports or foundations of the structure; and the depth to which 
the structure is buried in the soil. 

The characteristics of the free-field blast-induced pulse in 
the soil were treated in Chapter 4 and will not be repeated here. The 
other factors mentioned above which influence the loading on a buried 
structure will be discussed in the seeuiens that follow and recommendations 
will be given for loadings to be used for design purposes. 

The blast-induced pressure experienced by a structure that is 
below the level of the natural ground surface is dependent, among other 
factors, on the Garces of the overpressure pulse on the surface of the 
ground. The dynamic pressure eases te be of importance since dynamic 
pressures produce drag loadings only on structures interfering with the 
motion of the air particles In the shock pulse. As the surface over- 


pressure wave passes over a huried structure, a pressure wave is propagated 


into the soil, This pressure wave traverses the structure, loading it 


unevenly and unsymmetrically during transit of the pressure front across 
the structure. for the structure to deform under such loads, it is 
necessary that the soil adjacent to the structure also undergo deformation. 
If the structure is buried deeply enough, the resistance of the soil to 


such deformation is sufficient to prevent the structure from deforming 


significantly in flexural modes. 


Typical of this situation is a buried arch being traversed 
normal to its longitudinal axis by a pressure pulse, Even theugh buried, 
the windward side of the arch is subjected to load before the leeward 

‘ side is loaded. Consequently, the windward side of the arch tends to 
move inward thereby forcing the leeward side outward against the soil, 
~ If the leeward side of the arch is to be displaced in this manner, it 
is necessary that the soil adjacent to it be pushed upward and outward, 
thereby developing a soil resistance related to the passive soil 
resistance. If the arch is buried deeply enough, this passive resistance 
is sufficient to keep the arch from deforming in the manner described. 
Consequently, though the arch Is obviously subjected to unsymmetrical 
and nonuniform loads, these loads are assumed to be of little or no 
consequence from a design point of view. This presumes, of course, that 
the arch does possess the limited amount of flexibility needed to permit 
the deformations required to develop the passive soil resistance. 
Similarly, even after the pressure wave has completely 
engulfed the arch, the load intensity on the crown of the arch, which 
would be consistent with the free-field vertical blast-induced pressure 
at the depth of the crown, would be substantially larger than the 
pressures exerted at the springing line of the arch, which would be 
consistent with the horizontal pressure in the soil at a depth correspond- 
ing to the depth of the arch foundation. Under such a loading, it would 


be expected that the crown of the arch would deflect downward, forcing 
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the arch haunches ie dernect outward into the soil. If the depth of 
soil is sufficient to prevent significant deformations of the arch in 
this manner, the load distribution around the arch must tend to equalize; 
then, for design purposes the nonuniformity of loading can be neglected. 
In cases such as those described above, be the structure an 
arch, dome or of other type, it is assumed that only a uniform pressure 
consistent with the free-field pressures existing in the soil at the 
depth of the etruature need be considered for design. A structure which 
is buried deeply enough to meet this criterion has come to be called a 
“fully burfed structure", Only structures meeting this criterion will be 
treated in this section. Structures buried at shallower depehs: or 
Structures located on the ground surface and mounded with earth, are 
discussed in the following section. The critical depth required to 
constitute the fully buried case is dependent on the type of structure 
being considered. Recommendations for these critical depths are given 
later for each of the structural types considered. 

«It is difficult to define with confidence and precision the 
loads for which structures meeting the ful'y buried criterion should be 
eeGnertioned even though the loading depends primarily on the uniform 
free-field soil pressure. This difficulty derives from the fact that, 
under the influence of uniform free-fleld pressures, the structure tends 
to deflect away from the soil adjacent to it causing the contact pressure 


between the soil and the surface of the structure to be reduced by the 


development of arch action in the soil. It is also possible for a very 

rigid structure surrounded by a very compressibie soil that, under the 

action of the free-field soil pressures, the soil surrounding the structure 
deforms more than the structure, thereby producing on the structure pressures 
larger than those existing in the free-field. In a ductile structure, such 
increased loads, though they may develop, are considered to be relieved by 
deformation of the structure. Properly designed protective structures 

should possess enough ductility to prevent this increase in load. 

The arching influences on the pressures for which buried structures 
should be designed are not well understood for the static case and are more 
uncertain under dynamic loading conditions. This subject is discussed in 
Section 5.3.2 and recommendations, though admittedly somewhat crude, are 
given whereby the effects of arching can be taken into account when 
establishing design loads for buried structures. 

Another factor of possible consequence is the build-up, or 
reflection, of pressure as the underground shock front impinges on the 
surface of the buried structure, The Influences of this phenomenon are 
also treated in Section 5.3.2. 

5.3.2 Soil-Structure Interaction. In its broadest sense, the 
term "soil-structure interaction!’ includes all aspects of the complex 


relationship between the blast-induced free-field pressures in soil and the 


-pressures for which a structure placed in this environment should be de- 


signed. Stated most simply, it concerns the extent to which deformations, 


under load, of a structure or structural element influence or modify the 
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intensity and distribution of the contact pressures between-the structure 

and the soil adjacent to it. | ae 7 
Some aspects of the general interaction problem are treated in 

subsequent sections. Specifically, consideration is given, for each of the 


several primary structural types, to depths of earth cover required to re- 


_-:duce to relative unimportance the sensitivity of a buried structure to the 


inherent initial dissymmetries of blast loading. Two other aspects of the 


interaction problem that are not treated elsewhere, but which require 


- discussion, are: (1) reflection of pressure at a soil structure interface, 


and (2) modification of contact pressure between soil and structure by the 
development of soil arching. | 

Reflection at Soil-Structure Interface. As discussed in Appendix 
C in relation to the propagation of a stress wave across the boundary 
between two soll strata of different elastic properties, the pressure in 
the free-field should be changed in intensity when it impinges on the surface 
of a structure. Specifically, for the ideal elastic case, a reflection, or 
build-up, of pressure should result when a stress wave in soil comes into 
contact with a more resistant material such as a structure. The theoretical 
magnitude of the reflection, as discussed in Appendix C, is dependent upon 
the relative acoustic impedance, WV, of the two materlals. 

Considerable discussion is given to this question in Sect. 20.3.1 
of Ref. S-19 wherein the available data, both theoretical and experimental, 
were reviewed, Without question, theory indicates that a magnification of 


the free-field pressure should exist as the pressure wave makes contact with * 
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the structure. Field test data were cited in which pressures on the walls 

of a buried box substantially higher than those in the free-field were known 
‘, to have existed. However, Ref. 5-19 theorizes that these higher pressures 
were probably air blast reflections and are, therefore, not pertinent to the 
problem being discussed. 

Other instances also exist in which measured pressures on the 
surface of a structure exceeded those in the adjacent free-field; specifically, 
in Ref. S-11, several gages on the Surtees of buried arches gave such read- 
ings. It is interesting to note, however, that other gages similarly 
located on the same arches failed to indicate these higher pressures; con- 
sequently, these data are considered inconclusive. 

Still other test data indicate no such reflections. Of particular 
wercinencé are the field tests discussed in Refs. 5-20, 5-21, and 5-22 in 
which the pressures eiperlenced by a series of small drums with heads of 
varying stiffnesses were determined, No significant evidence of reflections 
of pressure on the drum heads was observed. 

Though admittedly uncertain and tentative, and recognizing the 
inadequacies of avallable data, the existing evidence is believed to support 
a conclusion that, despite theory, no significant pressure reflections at 
soil-structure interfaces exist. 

Arching. The redistribution of the free-field stresses around a 
Structure due to the presence of the structure is associated with transfer 


of stress from relatively flexible areas to relatively rigid areas and is 
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called "'arching''. The arching phenomena observed statically may not be 
the same under dynamic conditions because of differences in both the stiff- 
ness and eeeaneee of soil and the response of buried structures under dynamic 
and static conditions, | 
In considering the behavior of underground structures. subjected 
to blast forces, the. flexibility or compressibility of the structure has 
a major effect on the loading that the seidetate receives. If the stricture 
is highly compressible (as cat i-Fubbep)s there is essentially an open hole 
and the loading that the Serucure recelves is virtually zero. On the 
ether hand, if the structure is very rigid relative to the soil, the load- 
ing it receives may be even larger than the free-field pressure. The normal 
forces which would exist in the free-field without the structure, are 
transferred around the structure by means of the shearing and compressive 
resistance of the soil. It is significant that there can be no arching in 
@ material which has no seesiing resistance, e.g. water. Hence, arching Is 
essentially a utilization of the shearing resistance of the soils to carry 
compressive stresses, Therefore, arching is a function at least of the 
shearing strength of the soil and the flexibility of the structure. 
Unfortunately, there is Little useful experimental data avallable 
that will assist In understanding soil-structure interaction and arching 
phenomena, A description of the static arching problem Is available in 
Ref. S-16 by Terzaghi. Some of the initial experimental data from weapons 
tests were presented in Refs. S-8, S-23, and 5-24, A series of tests on 


small underground drums was directed specifically at the interaction 


problem and is discussed in Refs. 9-20, S-21 and 5-22. A summary of che 
information available in the literature is presented in a report by Armour 
Research Foundation (Ref. 5-25). The Armour design approach is described 

. in Refs. 5-9, 5-26 and 5-27; however, it may not be conservative enough for 
dynamic conditions. A modification of the Armour treatment of arching is 

7 presented in Ref. 5-7; the essential features of it are given herein, in 
many instances, verbatim. 

Basic Considerations. Consider the roof of an underground 
structure which is subjected to a vertical static surface pressure P. 
causing the roof to deflect an amount Us: 

As the deflection takes place it is assumed that slip planes 
occur in the soil vertically toward the surface above the perimeter of the 
structure. 

Consider the forces on a differential element within the slip 
planes at a distance x measured vertically upward from the structure 
(Fig. 5-9). 


For vertical equilibrium 


A Sy =a dx § 


1 dx 
or..- 
d s 
PaerZ (5-6) 
1 
where 


Ay = area of structure within slip planes 


S$ = circumference of structure within slip planes 
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If the ratio A/S is defined as R, Eq. (5-6) becomes 


gp . £ (5-7) 


where R has for the following relations: 


(a) When Ay is a square, A, = U7, S= 4l, R= L/4 


et 2 
(b) When A, is a circle, Ay =e, S= al, R= L/4 
{c) When A is a strip of unit width between parallel slip planes, 
‘ ; =. 
Az=lL, S= ae = 5 


(Lis the horizontal distance between slip planes and is the smaller of the 
two plan dimensions of the structure. 
It is assumed that the horizontal pressure, q, within the soil is 


always some constant K times the vertical stress, p; hence 


q = Kp (s-8) 


It is further assumed that the variation of the shearing stress 
along the slip planes at some point x is a function of the displacement u 
of the differential element. However, it is a'tso assumed to be consistent 
wees the Coulomb theory that the shearing stress + can never exceed Toy? 


. where 


= + -93 
tT ¢ q tan 9 (s ) 
and where 

c = cohesion of soil 


® = angle of shearing resistatce 


From Eq. (5-8), Eq. (5-9) becomes 


o + - 
Teg =e Kp tan (5-9a) 


It is further assumed that this maximum shearing stress : ee 


does not exist all along the entire slip plane but occurs whenever the 


displacement u becomes greater than some proportion of the span L. Until 


T=T » it fs assumed that the variation of + with u is linear. 


These assumptions yield a stress deformation relationship for t 
as given in Fig. 5-10, 
It is now assumed that the variation of u with depth is exponential 


in x or 


ue u ebatt (5-10) 


where 


wD 
it 


constant 
u_ = average uniform displacement of roof (equal to displacement 
of soil at x = 0) 
These assumptions lead to a variation of the shearing stress and 
displacement with depth as shown in Fig. 5-11. 


From Fig. 5-11 it should be noted that for the two ranges of u 


(s-11) 


u>al, x< 


A 
x 
~ 
a 
" 
a 
3 


Consider now the behavior of the differential element shown In 
Fig. 5-9 for the two ranges of u 


Ca . > 
se l u->abt, t= PG 


From Eq. (5-7) 


dp _ Tmax 
dx R 
or from Eq. (5-9a) 
d e,KkK 
= = & + gltan o)p (S-12) 


For convenience redefine the new constants 


geS 
. R 
(5-13) 
= tan 9 
B= K R 
Equation (5-12) then becomes 


dx 
The solution to Eq. (5-14) is 
Bx = log (A + Bp) - log c 
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Case 2. 


where c, is a constant of integration 


Hence 


Bx 


A+ Bp = Cie (S-15) 


For the boundary condition at x = 0 the soil pressure is Po 
the pressure on the structure. 


Hence, for 


x= 0, pe Po» and 


C, = A+ Bp, (5-16) 
Substituting Eq, (5-16) into (5-15) ylelds 
A+ Bp = (A+ Bp )e™ (5-17) 
or 
Log (A + Bp) = Log (A + Bp) + Bx 
Log ep. = Bx - (5-18) 


Equation (5-18) gives the variation of pressure with depth for 


Case 1 where u is greater than GL and = tous 


-Bx/L 
ue 
fo) 


< ee 
u<at, rt Qe max 


From Eqs. (5-7) and (5-9a) the governing equation for this case 


becomes 


u 
Sp. 2 Bx/t (€ + K.tan > p) (s-19) 


dx ab R 
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From £q. (5-13) 
(A + Bp) (5-20) 
The general solution to Eq. (5-20) 


1 ~Bx/L 
% log (A + Bp) = - 2 © Bx/t + tog ¢, (5-21) 


where Cc, is a constant of integration. 


From the condition at 
x = 0, where p 2 
there results 
A+ Bp = C Pe has (S-22) 
° 2 
Inserting the results of Eq. (5-22) in Eq. (5-21) yields 


+ log G+ + = Je -bu of P=. 2 en Px/L 


which can be put in the form 


i ee A+ Bp a eo Bx/t (5-23) 
Bu, A+ BP. 


Equation (5-23) gives the variation of pressure with depth for 


Case 2, where 


-Bx/L 


u is less than a@ L andr = act. Tei 
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A typical plot of Eqs. (5-18) and (5-23) for the behavior of the 
two cases is given in Fig. 5-12. 
It is convenient now to introduce the x variable @ such that 


O= Bx, for Case 1 


Bu (5-24) 


° 
Bg te 


en Px/ ly | for Case 2 


6 has'a physical significance since it indicates the variation of 
the pressure with depth, or it may be called an arching factor. Since 
Fig. 5-12 indicates the two bounds for all possible cases which could exist, 
the pressure variation with depth must lie between these two curves for a 
behavior consistent with the previous assumptions. 


Introducing the arching factor @ in Eqs. (5-18) and (5-23) yields 


which can be transformed to 


ie) 


A ,9 , 
Ps (e° - 1) + Poe (5-25) 


Consider the arching which will take place in a soil which has no 
cohesion. For this case c = 0 and from Eq. (5-13) A = 0 and Eq. (5-25) 


becomes 
pPp=pie (5-26) 


where @ is given by Eq. (5-24). 
An interesting result can be obtained for the Limiting condition 


of Case 2 for a cohesionless soil. For this situation 


; Bu, 
: | oF. 


Qa = en Px/Ly 
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which from Eq. (5-10) can be written 


Bu, 3 3 
aera se) ays 


As x increases u/u, decreases, and @ approaches Bu /a B, a 


constant. 
Hence, for deeply buried structures such that x can in fact be 
large. 
Bu, 
9= ap (5-27) 
Since 9 Is a constant, p is also a constant for large x (see 
Eq. 5-26). 


The important significance of the Limiting condition of Case 2 
in understanding soil structure interaction is that It Indicates that 
arching is a function of the depth of cover, the soll properties, and the 
resistance of the structure, It further indicates that for granular soils 
there is a maximum amount of arching which can occur regardless of the depth 
of burial at which the structure Its located. a 


For Case 1, which is the other limiting condition, there results 


for a cohestonless soil 


p=pie™ _ (S-28) 


Hence the surface overpressure which the structure cen resist depends on 
the depth of cover. This implfes that arching continues to increase with 


depth of cover, This is the concept put forth in the Armour theory and 
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tends to support their statement het the theory is an upper bound. 

The two limiting cases are as follow: (1) arching increases very 
rapidly with depth as indicated by Case 1, (2) arching approaches a constant 
for Case 2. Practical cases will lie between these limits. However, it is 
believed that design conditions for dynamic loading are closer to Case 2, 
based on the results of ‘Re tests discussed in Refs. 5-20, 5-21 and 5-22, 

Underground Flat Roofs. For a design procedure to estimate the 
arching on vedec oer undeiakoune structures, the following is suggested. This 
procedure is limited to large yield weapons and to conditions which may be 
considered quasi-static. 

Consider the roof on a structure with span length L which under- 
goes a maximum centerline deflection 5 due to a uni form roof pressure p. 
(Fig. 5-13). This deflection, bo corresponds to the quantity, Us» as used 
in Eq. (5-10). Let Pup be the free-fleld maximum vertical pressure assumed 
to be constant over the depth h. + is the shearing force on the slip planes 
(as illustrated in Fig. S-13), h the total depth of the structure and H an 
elevation dimenston above the structure. 


let 


L = B for a long tunnel of width B 
L = D for a square or circular plane structure of 


diameter or side D 
Take H to be the smaller of the following: 


ch - 0.25L or 2b 


Now assume that the shear displacement of the soil along the slip 


planes varies over the distance H as shown In Fig. S-14, From the figure, the 
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displacement 5, at some elevation x = nH is 


5 = (I-n) 8, (5-29) 


’ where 


6 eal 


and @ is a constant taken as 0.02. 


Hence, 


‘ n may be neglected in Eq. (5-29) for 5, < 0.02 L. 


From these results the variation of + is as follows (Fig. 5-15) 


x <n = 
Sonu, + Tia 


x>nH, ot ® [} = Ga ee (5-30) 


where Trax iS defined by Eq. (59a) 


Let t be the average value of t in Fig. 5-15. 


Hence 


1 Hen . 
ieee (ni + 2 ) Tmax 
l+n 
= “> Trax? for a2 0 (5-31) 
and 
Pe | : , 
T= FDOT Tmax for n<0 (5-32) 


Define the difference between Pvp and Po as 
a ee (5-33) 


" where . < = the average shearing stress on the slip plane between 


x= 0 andx =H 
ow Re B/2 for a long tunnel of width B 
R = D/4 for a square or circular plan structure of diameter or 
side D. In general, R is the area divided by the perimeter of the structural 
plan of the structure, 


From the above, by substituting Eqs. (5-31) and (5-9a) into Eq. 


(5-33), it can be shown that the following equation relates Pvp and p, 
~p =H] e+ (k tan 9) Pvp * Po (5-34) 
Pvp Po = R-2 2 


provided that, as an approximation, (PV, + po) /2 is used for p in Eq. (5-9a). 


Hence, for ead 0.02L, and a cohesionless soil: 


H 
R K tan @ 


p lt 


Po 
» forn>0 (5-35) 
Py 


H 

R K tan 9 
Equation (5-35) may be taken as the design equation to estimate 

the arching effect of the free-field stress; however, in no case should 

p/p. be taken less than 0.1. K may be taken as Ke given in Table 4-1 of 


o "vp 
Chapter 4, 


Fe CTE fee ee een ee ER A pene AE CS OE ERE EE APR TT rT ner pee sate re meng tne ee Sees 


a 


For & <0.02L use Eq. (5-36) 


H 2a 
Po _ 17 ak doar * te"? eer 
P. es Pay eae -36) 
vp | H fe) 


* aR 0.0 * tan? 


Underground Arches. The method described above may be used to 
estimate the arching effect on underground arches by taking the deflection 
Ox as the displacement of the crown doused “due to the circumferential 
strains plus the estimated deunuarddisolacenent of the footings. The 

' displacement of the crown due to rib shortening may be taken as pr/DE times 
the rise of the arch, but in no case should pr/DE be more than the circumfer- 
ential strain consistent with stability of the arch. H for the arch may be 
taken as the average depth of earth cover over the arch, or twice the arch 
span, hichayse is smaller, 

In the above expressions 


p = free-~field stress 


" 


r = radius of arch 
D = average thickness of arch 


E 


modulus of elasticity of arch 

Influence of Footing Motions. Little information is available on 
the design of foundation for structures subjected to blast. A number of 
research programs are currently in progress to provide information in this 
area, but it will be some time before the results are generally available. 
The judgment of a competent foundation engineer must be relied on for numerical 


results in design. 


The usual criteria stated in terms of allowable footing pressure 
or allowable pile load are not applicable; the soil generally has greater 
shearing strength or bearing capacity under rapid loading than under static 
loading. A bearing failure corresponding to overturning of a wedge or 
cylinder of soil beneath the footing is partly resisted by the inertia of the 
large mass of soll that must be moved, and this must be taken into account 
in designing the footings. Moreover, it is important to note that a blast 
loads a large area of soil nearly uniformly to pressures sometimes con- 
siderably greater than those allowed by static design considerations. The 
presence of this loading affects the bearing capacity for additional load, — 
but not kedeecdrtiy neduce it. In no case is it necessary for blast loading 
that the total area of the footings supporting the walls and columns of the 
structure exceed the area of the roof. At worst, even In a soft soil, the 
structure can be built as a box with a base slab of the same strength as the 
roof, If properly designed for the expected blast forces, such a structure 
will move with the surrounding soil mass, regardless of the blast pressure 
to which it is subjected. 

In many soil materials, the resistance to penetration of the 
foundations increases with the movement as friction develops in the material. 
In such cases, if moderate amounts of motion are permissible, no special 
provision for bearing pressure under dynamic load need be made. Some special 
studies have been made recently for buried structures to investigate the 
possibility that the loading imparted to the structure may be reduced 


appreciably by the foundation motion; if true, foundation movement may serve 


to aid in arching. These studies, as yet incomplete, do indicate a 
beneficial effect from permitting reasonable foundation motions, and 
partially explain some of the results observed in field tests. These re- 
sults are only preliminary and until such time as further studies are made, 
and more data become available, only a qualitative indication of the re- 
sults, as noted above, is desirable. 

5.3.3, ieehuence. ok Construction Methods, Generally, two methods 
of inserting an underground structure into the ground can be defined, 
namely, cut-and-cover and tunnelling. The following discussion is reasonably 
independent of the method used. Seydrul of the most Important features of 
construction will be discussed in relation to their effect on the engineer- 
tng behavior of the completed structure. These features should be con- 
sidered in the design stage. In addition, the specifications should be 
written to allow for an expedient solution of anticipated construction 
difficulties. The design should be made, and construction executed, In 
relation to the conditions as they actually exist In the field. If the 
conditions assumed on the basis of the foundation investigation are found to 
differ from those actually existing, then an appropriate re-evaluation is 
necessary. 

On the face of an excavation, the normal and tangential stresses 

. become zero; some loosening of the surrounding soil occurs because of the 
inward strain associated with the stress relief. Spalling or raveling may 
occur because of the stress differences induced by the excavation; this 
effect generally increases with time after excavation. Additional sloughing 


may occur because of the loss of apparent cohesion associated with desiccation 


of the exposed faces of the excavation. For circular excavations, the soil 
and/or rock will carry by hoop action some of the stress changes associated 
with the excavation. However, reveling or drying that causes caving in one 
area of the excavation may cause progressive caving throughout the excavation. 
A progressive loosening of the surrounding soil follows the foregoing events. 
a Experience has shown that earth materials that will ravel or cave 
should be effectively braced as rapidly as possible. The fact that such 
materials will stand easoaraly after excavation is fortuitous; the stand-up 
time should be used for placement of the bracing. The loads that a bracing 
system must carry have also been shown by experience to increase as the 
inward strain of the soil increases beyond the relatively small amount re- 
quired for the development of the active earth pressure state. Therefore, 
the Immediate placement of tight bracing will decrease the strength of the 
bracing required. Further benefits are obtained by not allowing the soil 
surrounding the excavation to be loosened. 


In the subsoil investigation, assumptions will have been made as to 


the thickness and horizontal extent of the different strata. If structures 
are located where, there is local stratification, it is desirable that the 
properties be the same horizontally in all directions. Furthermore, no 
structures should be located across or near fault zones if It can be avolded, 
The geologic details should be checked as the excavation proceeds. Conditions 
other than those assumed beforehand should be noted and appropriate action 
taken where required. Any geologic detail causing a loss of homogeneity 


in horizontal directions should be noted, Where blasting is necessary, smooth 
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wall techniques should be employed. The blasting technique should cause 

a fracture of the soil or rock only within the zone to be excavated. Blast- 
Ing techniques should keep overbreak and fracturing to an absolute minimum 
site ide the zone of excavation. 


It is necessary that the designers, inspectors, and bullders of 


underground structures to resist blast loading become familiar with the 


purpose of the structure. The structure and the surrounding soil will be 
subjected to very large loads and will act together. This is in contrast 
to the structures with which we are more familiar. Ordinartly a structure 
must resist only the load of the soil surrounding It. Under blast loads, 
the soil, which is a structure in itself, must Interact with a man-made 
Structure. The construction technique must be such that the destrable 
properties of the soil medium are retained. Overbreak, fracturing, loosening, 
lost ground, etc. ere factors that must be avolded; either singularly or 
collectively they can produce a nonhomogenelty that was not considered in 
the design and that could cause the structure to fail Its intended purpose 
under blast loading. 

The final analysis of ea sundareiound structure should be performed 
after construction if the analysis Is to have real meaning. All of the 
effects of construction should be Included, preferably analytically, although 
it is recognized that qualitative reasoning must be used alone in many cases. 
A construction diary that carefully delineates the soil and rock conditlons 
as they are exposed along with a description of the earth movements that 
occur is necessary for an intelligent re-evaluation of the hardness of the 


site at a later date. 


Several of the items discussed in the following paragraphs must 
be considered in the details of design. Many of these items cannot be 
evaluated quantitatively; therefore, qualitative reasoning must be used. 

* Several of the details are concerned with dewatering, waterproofing and the 
| connection of one structure to another. Of very great importance are the 
differential motions that may take place between different Structures under 
blast loading. | 

A loose backfill can lead to excessive settlements under the 
weight of the backfill alone; negative skin-friction on structures such as 
missftle silos can result. In addition, the negative skin-friction under 
blast loading will be more severe for loose than for compact backfills. 
Where electro-magnetic shields are used, negative skin-friction can cause 
an undesirable rupture at a weld or connection to another structure. 

For cut-and-cover structures, the behavior under blast loading 
will be influenced by the properties of the backfill. Generally, the fill 
should be compact and uniform in physical properties. It should be brought 
up uniformly around the structure to avoid the deformations uguniiy associated 
with structures filled on one side only, In the case of an arch or dome, a 
non-untformly built-up backfill can deflect the structure into a buckling 
mode and thus lead to premature collapse under blast-load conditions. 

Improper dewatering has been a major cause of construction 
difficulties on the present missile sites, although the ground water conditions 
were adequately defined before construction. Adequate appreciation was not 
given to the fact that improper dewatering techniques could be harmful to 


the physical properties of the soil structure itself. In order to maintain 


the integrity of the soil structure, it is necessary to anticipate the 
need for dewatering and to carry out dewatering before cage tian ircekede: 
The technique frequently employed is to attempt excavation and not to bother 
with dewatering until the need is obvious. Unfortunately, this is much too 
late if the integrity of the soil structure is to be maintained. If ground 
water is not contrcelled, the soil surrounding the structure can be loosened 
differentially and erosion or lost ground can occur. Furthermore, a small 
amount of erosion or piping of a pervious layer can lead to overbreak in the 
overlying layers. Where raveling occurs, backpacking should be employed 
behind the bracing to maintain a tight contact between bracing and the soil, 
The hay or straw normally used in backpacking is quite inadequate for the 
Purposes of protective construction. It is ieseseary that grout or other 
competent material be used for backpacking; otherwise, a non-homogeneity 
will occur. 

The dewatering technique used is necessarily governed by the site 
conditions. Dewatering is ordinarily accomplished with successive layers 
of single stage pumps. Because many of the underground structures go to a 
great depth, deep well dewatering cechatoues often can be employed to advantage. 
Care must be exercised to insure that damage does not occur as a result of 
piping and lost ground. A common cause of piping is the washing of fines 
from a well in order to increase the yield. Lost ground because of pumping 
may be acceptable at distances away from the structure, but it is definitely 
undesirable adjacent to the structures, 

A packfill that is impervious and properly compacted will 
drastically limit the supply of water surrounding the structure available 


for seepage through leaks in the structures. If the backfill happens to be 


5-50 — 


pervious, and is connected to an acquifer, then a ready supply of water Is 
available and waterproofing details must be very carefully designed. It 
must be determined whether a stratum is an acquifer or merely contains a socket 
of water. This information is useful for dewatering during construction se 
well as an indicator of the water supply available to leaks after the 
construction is complete. Generally, an impervious backfill is desirable, 

Swelling soils can cause serious eGHetebation problems. They are. 
often. found in arid or semi-arid climates, but also occur elsewhere. In 
several of the present missile silos, a thin bottom slab was used that 
rested on swelling soils. Because a very great pressure reduction had 
occurred on the subsoil, It tended to suck-in water; however, the low 
permeability of swelling solls requires a long pertod of time for satisfaction 
of the suction forces. As migrating water was sucked Into the soil, swelling 
progressed and a fallure of the bottom slabs was observed. Two techniques ; 
usually used to prevent swelling are to keep the imposed pressures on the 
soil high and to prevent a supply of moisture from getting to the troublesome 
soll, | | 

The foregoing discussion of the effects of construction should be 
considered during site selection. Although the hardness of a site may be 
adequate if construction can be accomplished, the cost of construction In a 
particular location must be considered In the selection of the site, The 
construction difficulties should not be minimized during the process of 


stte selection. 


5.3.4 Fully-Buried Rectangular Structures. The earth cover re- | 


' 


quired to meet the ''fully-buried'' criterion for a rectangular structure 


is at the present time subject to very substantial uncertainties, Estimates 


i 
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of the minimum earth cover consistent with this case are given in 

Refs. S-4 and 5-7 end are reproduced herein a4 Fig: 5-16, These 
recommendations are admittedly crude, being based on limited theoretical 
studies and judgment. Unsortunately, there are no full-scale field test 
results which can be used to evaluate the validity of these recommendations, 


Because this depth-of-cover citerion, given in Fig, 5-16, is the best 
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information currently available, it is recommended for use until such time 
as additional information makes refinement possible. Among the refinements 
that seem particularly needed Is the inclusion of @ parameter expressing 
the influence of soil type. Certainly the depth of earth required to 
develop a passive resistance capable of preventing substantial lateral 
deflection of the structure must be, at least in part, dependent upon the 


shearing strength of the soil. Unfortunately, at the present time, knowledge 


of the dynamic behavior of soil and soil masses is so limited that the 


4 


inclusion of a soil type factor in the depth of cover requirements is not 
justified. | , 

Accepting the criterion given ebove, the blast-induced loads for 
which the several structural components of a fully buried rectangular 
structure should be designed can be estimated as follows: | 


Horizontal Elements. If the roof of the structure is flush with 


the ground surface, it is subjected only to the direct effects of the air 
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blast overpressure. As the shock front crosses the structure, the roof Is 
subjected to a constantly varytng load, and many of the theoretically Infinite 
number of modes of vibration of the roof are excited, However, theoretical 
studies and field tests (see Ref. 5-8) Indicate that the response of the 


roof In the higher modes of vibration Is far over-shadowed by the response 
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in its fundamental mode under the action of the overpressure pulse after 
the roof slab has been completely enveloped by the air blast wave. Actually, 
because of the variation in overpressure with the distance from ground zero, 
‘ the roof slab is never subjected to an absolutely uniform load; however, 

roof elements capable of resisting air blast overpressures of interest are 
necessarily of relatively short spans and the variation of overpressure across 
this span can be neglected safely. 

If the roof of the structure is located at some depth below the - os 
second surface, account must be taken of changes in the pressure pulse as it 
propagates downward through the earth, and also of the effects of soil arching, 
As discussed above for the roof slab flush with the ground surface, there Is 
a short period of nonuniform loading during passage of the pressure wave 
across the roof of the structure; however, the effects of thls nonuniform | 
loading can be neglected and the roof can be assumed to respond only In its 
primary mode under the action of a uniformly distributed load which varies 
In time as the pressure wave In the free-fleld at a depth below the surface 
equal to that of the roof. Therefore, If the effects of arching were 
neglected, a buried flat roof should be designed for a load pulse modified 
from the surface overpressure In its time variation and having a peak value 
attenuated for depth as discussed in Chapter 4. However, to neglect the 
effects of soll arching could be unnecessarlly conservative, as demonstrated 
In the studies of Armour Research Foundation reported in Ref. 5-9. Con- 
sequently, the roof should more appropriately be designed for a pressure 


pulse uniformly distributed across the roof which varies in time as does 


5-S3 


SR NS SE Rt MYER LS ER ENR RRR APT RE a A Ne NR A RR he NA Ge TH ete ener epee me eee 


the free-field pulse in the soil at the depth of the roof, but which may 
be reduced in intensity because of soll arching as discussed in Section 
5.3.2. | 

As a general rule a buried rectangular structure will have as 
its base a slab similar to that used for the roof. It is recommended that 
such a base slab be designed for the same loading for which the roof is 
designed. This recommendation is made despite the fact that the free-field 
pressure pulse at the depth of the base will be somewhat different from that 
at the roof. Furthermore, modification of the pressure on the base slab by 

‘arching has not been investigated even to the limited extent that arching 
over the roof has been studied. However, it does not seem reasonable to 
expect that the forces on the base slab can differ very much from those on 
the roof. 

Vertical Elements. The blast-induced loads for which the walls 
of & Gurted rectangular structure should be designed are somewhat more un- 
certain than those for the roof and base slabs. Significant studies by the 
Armour Research Foundation on this question are reported In Ref. 5-9, 
wherein the influence of the shearing stresses developed in the soil as it 
follows the deflecting wall panel Is investigated. The predicted surfaces 
of sliding within the soil were located on the basis of model tests in 
which the existence of such surfaces was quite clearly demonstrated. 

Though the studies of Ref. 5-9 throw considerable lIght on 


the Interaction of a vertical wall element and the sofl adjacent to 


and above it, It is not recommended that the procedures suggested 
therein be used at present as a basis for design. “The reluctance to 
recommend those procedures derives from the fact that they require an 
~ understanding of the dynamic behavior of solls which does not now exist. 
Furthermore, the relationship between horizontal and vertical blaste- 
Induced pressures in soil in the free-field are at the present time 
so uncertain that it ts not considered justifiable to modify the 
free~field horizontal pressures to consider the effects of arching. 
_ Consequently, it is recommended that walls of fully-buried structures 
be designed for a uniformly distributed load which varies in time as 
the attenuated vertical pressure pulse at a depth equal to mid-height 
of the wall element, and which is related in intensity to the free-field 
vertical pressure by the lateral pressure coefficients given in Table 4-1, 
This procedure is considered to be consistent with the present state of 
knowledge and, though possibly conservative, is probably not unduly so. 
It is also noted that this procedure neglects the effects of the un- 
symmetrical load generated as the shock front envelopes the wall surface. 
The neglect of the unsymmetrical load is justified on the same basis that 
similar effects for horizontally oriented elements were neglected. 

5.3.5 Fully Buried Arches. As discussed in Sect. 5.3.1, an arch 
is subjected, at least initially, to nonuniform Intensities of load regard- 
less of the depth to which the arch is buried. As the shock propagates 
across the arch, the windward face is loaded prior to the leeward face 


and, as a consequence, the windward side tends to deflect inward thereby 
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forcing the leeward side outward into the soil. Even after the shock 

front has crossed the arch, nonuniform, though symmetrical, loadings tend 

to continue since the crown of the arch is subjected to a load comparable 

to the vertical soil stress at a depth equal to the location of the arch 
crown while the sides of the arch are subjected to pressures related more 
closely to the horizontal soil stresses which are usually substantially lacs 
than the vertical stresses. However, as diciesea previously, despite the 
initial existence of such nonuniform loads, deflections of the arch consistent 
with them cannot develop If the restraining effect of the soll is great 
enough to resist these deformations. Consequently, below some critical 

depth at which the soil resistance becomes adequate to prohibit the 
development of significant flexural deformation, the pressures on the surface 
of the arch will tend to be equalized as arch deformations try to develop. 
For this case, the arch can be designed to resist a uniform radial pressure, 
the initial nonuniformities of load being neglected. 

Below the critical depth defined above, arches are said to be 
"fully-buried''". At the present time, the available information is inadequate 
to define with complete confidence the depth required to constitute the fully- 
buried case. The present generally accepted criterion is that given in 
Refs. 5-4 and 5-7, which is reproduced herein as Fig, 5-16. This recommendation 
is based in large measure on judgment, supported by a few field tests and 
theoreticsl investigations. Among the most significant field tests are 
those reported in Refs. 5-10, 5-11 and 5-12, The most extensive theoretical 


study is that reported by Whipple in Refs. 5-13 and 5-14, While none of- 


these references, either individually or collectively, are adequate to 
establish a criterion for full burial of an arch, they do serve to 
indicate the reasonableness and probable conservatism of the criterion 
given in Fig. 5-16. 

The concrete arches of Ref. S-1l met the eeiterion completely, 
and the corrugated steel arches of Ref. 5-10 conformed very closely with 
the fully buried criterion of Fig. 5-16. Neither of these arches experienced 
any significant damage and they exhibited no significant amounts of un- 
symmetrical response. In Ref. 5-12, corrugated metal arches identical to 
those reported in Ref. 5-10 were tested in Operation Hardtack under conditions 
which met the fully-buried criterion given herein. These arches suffered 
complete collapse, but collapse occurred at overpressure levels which, 
when applied as uniform radial pressures, would have produced circumferential 
compressive stresses In the arch considerably in excess of the yleld 
strength of the material. 

In Refs. 5-13 and 5-14 Whipple reports the results of a theoretical 
study of the response of shallow buried arches to the loads induced by the 
passage of an air blast wave over the ground surface. This study, while 
representing the arch in an admittedly crude manner as a series of four 
rigid lengths with masses and resistances concentrated at their inter- 
sections, does. take into eccount the effects of the soil mass surrounding the 
arch both as to a reduction in load on the windward side as the soil tends 
te follow the deforming arch as well as the increase in resistance afforded 
by the development of passive pressure in the soil on the ieetacd side. 


The result of this investigation, though it includes many assumptions and 
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idealizations such as the overly simplified representation of the arch 


and the uncertainties inherent in the dynamic properties of the deforming 


soil, does serve to indicate that the criterion for full burial shown in 


Fig 5-16 is generally adequate and is usually somewhat conservative. 
Accepting this criterion for full burial as reasonable, all arches 

buried at depths equal to or greater than this can then be designed for a 

uniform radial pressure equal in intensity and in variation with time to 

the blast-induced free-field vertical pressure .in the soil at a depth equal 

to the average depth of cover over the arch. Dadi gating the arch for this 


load may be overly conservative since it neglects the effects of soil arching 


as the structure deflects radially inward under the untform radial loading. 


Consequently, Ref. 5-7 recommends that the intensity of the loading defined 
above be decreased because of arching effects while the time variation of 
the load remains unchanged. The magnitude of the reduction due to arching 
can be computed in the same manner as for the roof of an underground 
rectangular structure as discussed in Sect. 5.3.2. 

As the footings of an arch are forced into the soil on which they 
rest by the thrust imparted from the loaded arch surface, the entire arch 
tends to move away from the soil through which the load is being transmitted. 
As a consequence, such footing motion tends to enhance the development of 
soil arching around the structure; the extent to which arch action may be 
increased by footing motion is also discussed in Sect. 5.3.2. 

Any reference to the possible effects of construction procedures 
on the loads that may be felt by a buried arch has been excluded from the 


preceding paragraphs, It has been assumed in this discussion that reasonable 
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and proper construction procedures have been employed and that the backfill 
around the arch has been compacted so as to be quite uniform around the 
entire arch. It has also been assuined that during the construction and 
backfilling operations, procedures have been such as to prevent the arch from 
becoming severely ‘'out-of-round''; excessive out-of-roundness may well invite 
a premature buckling failure of the loaded arch. 


5.3.6 Fully Buried Domes. The discussions of the preceding section 


are applicable with only minor modification to fully-buried domes.. The 


information available for establishing the depth of soil cover required to 


constitute the fully-buried case for a dome is even more limited than for 

an arch. Based primarlly on judgment, and with a recognition of the greater 
inherent strength of a dome and the smaller influence of unsymmetrical and 
nonuniform loads, Ref. 5-7 recommends that the depth of cover required to. 
constitute the fully buried case for a dome be taken identical to that 
stipulated in Fig. 5-16 for an arch. There is now no basis, either theoretical 
or experimental, on which to modify this criterion to reflect the differences 
known to exist between the response of arches and domes; It Is recommended 

that this criterlon be used until additional information makes rational 
modification possible, 

For domes meeting this criterion of full burial, the blast loading 
for which they should be designed should be determined In the manner dis- 
cussed in the preceding section for fully-buried arches. 

It should be emphasized again that the design loadings recommended 
herein presume at least a reasonable amount of flexibility to make load 


equalization possible. 
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$.3.7 Underground Vertical Cylindrical Structures. There are 


no test data and very limited theoretical studies upon which to base 


récommendations for the loadings for which this very important structural 


type should be designed. The most recent studies are given in Ref. 5-18 


which is reproduced, in many instances almost verbatim, herein. An earlier 
study of this problem reported in Ref. 5-15 may be consulted for additional 
background material. - | 

No specific recommendations were made for the determination of 
the dead loads for which previously discussed structural Spas should be 
acigneds For the usual cut-and-cover arch, dome, or rectangular structure, 
the static loads aire normally quite small in relation to the blast-induced 
forces to which these structures may be subjected. For deeply buried 
structures or a vertical silo, the static forces may become the controlling 
design criteria because of attenuation of blast-induced pressures with depth 
and the increase of static forces with depth, 


Dead Loed Soil Pressures on Silos. The static forces that a 


vertically oriented silo in soil must resist are tn many cases at least as 
uncertain as the blast-induced forces. They depend primarily on the soil 
type, location of the water table, and the construction procedures used to 
build the silo. Considering the wide variety of soil conditions that may 


be encountered and the endless variation in construction techniques that may 


‘be employed, it is impossible herein to give specific recommendations whereby 


the dead load soll pressures on such silos may be established. However, 
general guide lines are available and are summarized to indicate the nature 


of these forces, 
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By means of procedures given in Article 74 of Ref. 5-16, an 
estimate can be made of the lower limit of the static radial pressures 
that exists on the walls of a cylindrical shaft in granular material. The 

. following recommendations for caead load pressures on silos in granular 
materials are taken from Ref. 5-18, having been developed on the basis of 
2 Terzaghi's work as presented in Ref. 5-16, 
Consider a vertical shaft of radius r in a granular material, as 
shown in Fig. S-17 where the pressure distribution is shown schematically 
on the wall of the shaft. The radial pressure at a depth z is noted by the 
symbol P.- Because of soil movements during construction operations, the 
lateral pressure may be considerably below the lateral pressure “at rest", 
and there Is a tendency for the lateral pressures to arch around the wall 
of the shaft. The pressure distribution recommended for use In designing 
the structure for dead load is shown in Figs, Se17 and 5-18, Figure 5-17 
gives, as a function of the ratio of the depth z to the silo radius r, the 
ratio of the pressure Pp, at depth z to the pressure at an infinite depth, 


p.. The curve shown has the equation: 
oo 


z/r 
* Te7r) + 2.5 (S-37) 


a) Lae 


The pressure at an infinite depth is shown in Fig. 5-18 In terms 
of the density, or weight per unit volume of the soll, w, and the radius of 
the sflo, r, as a function of the angle of internal friction 9. Values of 9 
below thirty degrees are not found for sand. Values of ? for silt may range 


down to twenty-five degrees. These curves are not applicable for internal 
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friction angles of less than twenty-five degrees. 

As an indication of the way in which these figures are used, 
there is shown in Fig. 5-19 the horizontal dead load pressures on a fifty- 
foot diameter silo in soils having various angles of internal friction. 
The curves shown are prepared for a material of a density of 120 1b./cu.ft., 
and the pressures are given in psi as a function of the depth below. the 


surface in feet. There is given below each of: the curves the pressure at 


35 degrees, although the pressure at an infinite depth is 13.9 psi, the 
pressure at a depth of 150 feet is only 10 psi and the pressure at 50 feet 
is about 6.3 psi. 

The calculations described are for essentially dry materials. For 
undrained conditions and an impervious structure, the pressures of the water 
below the water table must also be considered. It is appropriate, In 
conditions where water is present, to reduce the unit weight of the material 
below the water table to the submerged unit weight. 

Static soil pressures in granular materials computed in the manner 
just described should be considered applicable only if the construction 
techniques are such that deformations in the soil adjacent to the silos 
sufficient to develop the full internal shearing strength of the soil are 
permitted; consequently, as mentioned previously, they represent a lower 
limit of the static soil pressures that may act on the silo wall. The upper 


limit for these static pressures would be consistent with a construction 
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procedure which permitted no inward deformation of the soil as the silo 

excavation progressed. tatic soil pressures for Suck a case could be 

determined as the "'at rest'' pressures on the basis of procedures given in 
: any standard soil mechanics reference. Perhaps a more reasonable estimate, 

though it would require a knowledge of the construction techniques employed, 
7 would be that recommended for the design of bracing In open-cuts as given by 
Terzaghi & Peck In Ref, 5-17. Such @ procedure would assume a plane vertical 
cut in the soil; however, the diameter of the silo is usually sufficiently 
large so that the error from this source is probably of little consequence 
considering the empirical nature of the procedure. 

The preceding discussion of static soil pressures is applicable 

only to granular materials. No reliable theory for.the radial pressure on 
a vertical cylinder in clay Is available that takes into account the 
internal strength of the clay. Ref. 5-15 suggests that the plastic nature 
of clay causes the radial pressures at considerable depth to approach the 
"at rest’ condition with the passage of time. By "considerable depth" Is 
meant a depth such that the stresses due to overburden epproach those at 


which creep is likely to begin. This depth, He» is given roughly by: 
H. e 1.5 q,,/¥ (5-38) 


where q is the unconfined compressive strength in the soil and w is its 

unit weight. Above this critical depth, the static radial pressures may be 
substantially less than the "at rest'' pressure. Because of the influence 

of construction procedures, it is impossible to make specific recommendations 


in this regard. 
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In the final analysis, considering the complexities of this 
problem and the uncertainties inherent in all of the parameters of 
consequence, it will probably be desirable for each site to be studied by 
persons qualified by experience and training to consider the probable 
influences of the several parameters involved before static load pressures 
to be used in design are determined. 

Lateral Blast-induced Soil Pressure. As an air blast wave passes 
over the ground surface a pressure pulse generated by it propagates downward 
through the soil. As this pressure pulse in the soll encounters the vertical 
cylinder, it imparts a force to the cylinder. During transit of the shock 
across the evitader: the loads imparted are obviously of a nonuniform, un- 
symmetrical nature. 

After the shock front has completely traversed the cylinder, then, 
neglecting the variation of pressure with range over the relatively small 
distances consistent with silo diameters, the silo is subjected to a uniform 
radial pressure equal, or at least directly related to, the free-field 
horizontal soil pressure. The unsymmetrical loading that occurs during 
transit of the shock front across the silo exists, of bourse. at all depths 
below ground surface; however, as the silo tries to deform under the action 
of these unsymmetrical loadings, it tends to move away from the areas of high 
pressure intensity and move into the soil In areas of low blast pressure 
intensity. Such deformations develop resistances in the soil which reduce 
the significance of these nonuniform loads, Indeed, below some critical 


depth, the available soil resistance is sufficient to preclude the development 


of significant flexural deformations of this type in the silo in the same 
manner discussed in aeeteaing sections for fully buried arches and domes... 
Consequently, below this critical depth, as yet undefined, the silo can be 
designed for a uniform radial pressure related in magnitude directly to the 
free-field horizontal soll pressures and varying in time as the free-field 
sotl pressure at the depth of interest, 

Near the ground surface, the available soil resistance is normally 
inadequate to resist the flexural deformations resulting from the unsymmetri 
loads imparted to the structure during transit of the shock front. As a 
consequence, above the critical depth discussed in the preceding paragraph, 
it is necessary to design the structure not only for uniform radial pressure 
but also for a nonuniform time dependent force, 

If both the soil and the silo liner were of ideally elastic 
materials, it would be possible to determine on a theoretical basis the rati 
between the uniform radial pressure on the silo and the free-field lateral 
pressure In the soil. The significant parameters would be the difference 
between the elastic modull of the soil and silo liner material and the 
difference in the Polsson's ratios of the two materials. After studying the 
question of blast-Induced radial pressures on silo liners in this manner, 
it was concluded in Ref. 5-18 that, in general, the reduction in pressure 
produced by the compressibllity of the silo liner is negligible. Further- 
more, because the value of Poisson's ratio for soil is usually not well 


defined, it was suggested that no attempt be made to take Into account the 
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compressibility of the silo liner and that the silo be designed for a uniform 
radial pressure equal to the free-field horizontal pressure in the soll at 

the deoth of interest. Thus, below the critical depth, the time dependent 
blast~induced radial pressure may be taken equal in magnitude to the free-field 
vertical pressure at the depth of Interest multiplied by the appropriate 
lateral pressure coefficient Ko as given in Table 4-1, 

The critical depth below which nonuniform loads can be neglected 
for design purposes can not at present be well defined, there belting neither 
theoretical studles nor deve Mmantal data on which to base an estimate. 
Relying primarily on judgment, Ref, 5~18 suggests that It be taken as a depth 
below ground surface equal to one diameter of the silo being designed, Above 
this point the silo should be designed to withstand the effects not only of 
a uniform radial pressure but also of a nonuniform radial pressure, The 


two components, as suggested in Ref, 5-18, are illustrated in Fig. 5-20. 


~~ —"“One component Is a-unlform compression, p.(t), acting around a circumference; 


the other is a varying pressure, p(t), consisting of four half-sine waves 
around the circumference, alternately inward and Gutward: It is suggested 
that the maximum amplitude of each component be taken equal to one-half 

of the peak side-on overpressure at the ground surface, When designing the 
structure, the stresses produced by these two components of loads should be 
considered to be additive, and the silo should be so proportioned that the 
sum of the stresses does not exceed the yleld strength of the materlal. The 
uniform radial. component, p(t), should be assumed to vary In time as does 
the surface overpressure pulse and should be considered constant in magnitude 


above the critical depth. The sinusoidally varying component, p(t), should 


be considered to have a rise time equal to one-half the transit time of 

the shock front across the silo and a total duration equal to the transit 
time. Further, it should be assumed to have a peak value at ground surface 
equal to one-half the surface side-on overpressure and should be assumed to 
diminish In Intensity linearly to a value of zero at the critical depth. 

Clearly, these recommendations result in a discontinuity in design 
loading at a depth equal to one silo diameter since, immediately above this” 
point, the design pressure would be a uniform radial pressure equal in 
magnitude to one-half the surface overpressure while, immediately below 
this critical depth, the recommended load Is a uniform radial pressure equal 
to the attenuated free-field horizontal pressure at that depth. Such a 
discontinuity should not occur In a silo; consequently, It is suggested that 
the section resulting from a design based on the loading recommended below 
the critical depth be considered to control at the critical depth. 

For both dead load and blast load, Irreqularities in loading may 
occur over the entire height of the cylinder because of varlations in the 
properties of the soil or for other reasons, These irregularities are likely 
to be entirely accidental and unpredictable in character and location. To 
provide for them, it is recommended that an Irregularity with a maximum value 
equal to ten percent of the lateral dead load design pressure be considered; 
this pressure should be jceumied to vary sinusoidally around the circumference 
as recommended for the live load flexural component. This recommendation is 
epplicable primarily below the critical depth, ‘since above that point 
sufficient flexural resistance would automatically have been incorporated 


in the design of the silo by consideration of the sinusoidally varying live 
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load distribution described in ths preceding Serearaphe: 

If the roof of the silo is supported by the silo walls, the 
blast load imparted to the roof is carried by axial compression in the 
silo wall and should be treated as discussed in the following section, If, 
on the other hand, the roof of the silo is supported on a circumferential 
ring footing outside of, but adjacent to, the silo wall, it is necessary to 
consider its effect on the radial pressures for which the upper portion of 
the silo wall should be designed. 

Because of the influence of the actual geometry of the individual 
Structure under consideration, it Is impossible here to give specific 
recommendations for the increase In radisl pressures on the silo resulting 
from this feature. However, In general, It can be assumed that the silo 
roof footing will generate radial pressures on the site wall surface 
directly beneath the footing equal to the bearing pressure beneath the 
footing multiplied by the lateral pressure coefficient given in Table 4-1, 
The depth of the silo over which these increased radial pressures should be 
considered effective is uncertain; it is recommended, however, that they be 
considered to vary linearly from @ maximum value at a point Imnediately 
beneath the footing to zero at a distance below the footing equal to the 
width of the footing. | 

Vertical Force on Silos. Ouring the passage of the shock front 
across the silo and after the silo has teen completely enveloped in the 
shock wave, longitudinal compressive forces in the silo wall will be 
generated from two primary sources. If the silo roof is supported directly 


on the silo wall, then the blast pressure on the roof is Imparted directly 
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to the silo wall as an axial compressive stress. Also, because of the 
differences in the elastic bikopeeies of the silo wall and the soil in 
which it is embedded, the soil adjacent to the wall tends to move with 
respect to the wall, thereby inducing vertical forces in the wall as a 
result of the skin friction existing between the earth and the wall, 

“The first of these components of compressive force: san be easily 
evaluated since at any instant In time it is equal to the to:al overpressure 
acting on the silo roof divided by the silo wall cross-sectional area, The 
second éSmponent is much more complex and, at the present time, incapable 
of precise definition. In computing the skin friction force, account must 
be taken of the magnitude of the skin friction and the direction of 
relative motion of the silo and of the earth adjacent to it. Both of these 
factors vary with time differently at all points over the entire length of 
the silo. In general, the magnitude of the skin friction force Is dependent 
upon the radial pressure which, at any given instant of time, varies with 
depth. Also, depending upon the total length of the siio, its foundation 
conditions, and the length of the pressure wave in the soil, it is entirely 
possible that the direction of relative motion between the silo and the soil 
at points near the bottom of the silo may be opposite to the direction of 
relative motion at that same instant of time at points near the top of the 
silo. 

The existence of these uncertainties, unfortunately, does not 
eliminate the need for a procedure whereby the magnitudes of the compressive 
forces induced by skin friction can be estimated. Recognizing this need, 


as well as the extremely complex nature of the problem, the following 
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procedure taken from Ref. 5-18 is suggested. The procedure, though 
obviously approximate, is thought to be reasonable and probably conservative. 

In general, the vertical force transmitted by friction on the stlo 
walls can be computed from the magnitude of the shearing resistance of the 
soil adjacent to the silo and the lateral force. The shearing force transmitted 
to the silo wall cannot-exceed the coefficient of friction multiplied by the 
lateral force. However; the coefficient of friction used should be less 
than the tangent of the angle of internal friction of the undisturbed soil, 
because the soil adjacent to the silo is generally disturbed by the con- 
struction operations. If no other measure of the shearing resistance of the 
disturbed soil is avatlable, it seems reasonable to take the angle of 
internal friction to be five degrees less than that of the general mass of 
the material. For cohesive materials the shearing resistance should not be 
taken as more than one-half the unconfined compressive strength of the 
material, It ts suggested that the maximum vertical force in the silo wall 
and the maximum pressure on the foundation be computed on the basis of the 
following conservative assumptions: 

(1) Assume that a reversal in the direction of the shearing force 
occurs at about mid-height of the effective length of the silo, The effective 
length is the total height minus the portion near the top having a sloping 
or wedged profile. 

(2) The ae vertical stress In the wall occurs at the point 
where the shearing force reverses In direction. This maximum stress Is 


computed for the combined roof loading plus the total shearing force of the 
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upper part where the shearing stresses are acting downward. 

(3) The total load on the base of the silo is equal to the 
total load at the top plus the net force transmitted by shear. The ee 
force transmitted by shear Is near zero in homogeneous materisi, but it 
may be considerably different from zero if the soil properties change with 
depth, 

If the soil deposit is stratified, or if, for any other reasons, 
the soil properties vary significantly over the depth of the silo, the 
procedure outlined above is not applicable and could lead to rather large 
errors. For such nonuniform soils, no simple procedures can be given, 
Taking into geceuae the variations in soil properties, as well as the 
foundation conditions of the silo, the depth at which the direction of 
relative motion of soil and silo reverses must be evaluated, The maximum 
vertical force in the silo wall will exist at this point, and can be 
computed as the sum of the roof load and the total skin friction force ebcve 


this point. 


5.4 PARTIALLY BURIED STRUCTURES 

5.4.1 Introduction, Included in this section Is a discussion of 
the blast-Induced loadings that might be. expected on tnose structures which, 
though either totally or partially covered with earth, fail to have sufficient 
earth cover to meet the criteria for full burial discussed in the preceding 
sections. Consequently, for those structures consideration must be given 


not only to the uniform confining pressure for which the fully buried 


structures were designed, but also to the nonuniform unbalanced load 
associated with both the passage of the shock front across the structure 
and with the continuing drag pressures that persist after the structure 
has been completely engulfed in the blast wave. 

For structures in this category there are virtually no data, 
elther theoretical or experimental, from which design loadings can be 
inferred. There have been a limited number of tests of mounded arches In 
which the mound proportions were such as to place the structure in the 
classification defined here as partially buried structures; however, the 
results of these few tests are inadequate as a basis for the formulation 
of design loading criteria because the extent of such tests has been 
insufficient to identify in any quantitative sense the effect of the 
several parameters considered to be [mportant. 

Unfortunately, as mentioned in the case of the vertical silos, 

a lack of knowledge eliminates neither the problem nor a need for a solution 
to it. Consequently, recommendations are presented in the following 
pavagrenne for procedures whereby design loads for partially burled structures 
of each of the several common types may be estimated. It must be emphasized 
that no rigorous defense of these recommended procedures can now be given; 
they are presented as recommendations only and are highly susceptible to 
revision and refinement as additional information in this area becomes 
available. 

5.4.2 Rectangular Structures. For obvious reasons, when a 
rectangular structure is covered by earth, it is necessary that we consider 


only the completely closed case. In general, the blast pressures for which 
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the roof and base slabs of such a structure must be designed are un- 
affected by the fact that the structure as a whole fails to meet the fully 
buried criterion. Certainly, this is true in all cases for the base of the 


structure and in most cases for the roof of the structure. Of course, if 


‘the side slopes of the covering earth mound extend over the roof, the re- 


flected and drag pressures that exist on the windward side of the embankment 
may be transmitted in some manner to the roof. 

Roof Loading. Consider a partially buried rectangular structure 
such as is illustrated in Fig. 5-21. If a normal to the windward slope at 
its junction with the top of the mound intersects the windward wall instead 
of the roof (line 0G, for example), the roof may be considered to be un- 
affected by the pressures on the windward slope, and may be designed for a 
uniform distributed load identical to that recommended in Sect. 5.3.4 for a 
roof that is flush with the natural ground surface. 

If, however, the mound configuration Is such that the above described 
normal intersects the roof (line EH, for example), the influence of the forces 
on the windward slope must be considered. The foltlowiig procedure, though 
without rational basis, is suggested. 

(1) Assume that part of the roof on the leeward side of point H 
to be unaffected by forces on the windward slope and take its loading to be 
identical to that described in the preceding paragraph. 

(2) For that part of the roof on the windward side of point H, 
consider the loading to vary with time as the loading on the windward slope 


but to be reduced in intensity by the factor Ky where 
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Thus, if p(t) is the time-dependent pressure on the windward slope, 
determined by the methods of Sect. 5.2.2 to Include the effects of over- 
pressure, drag, and reflection, then the blast-Induced load on that part 
of the roof windward of point H can be taken as K p(t). However, In no 
case should the roof loading windward of point H be taken as less severe 
than that recommended above for the leeward part of the roof, 

Base tsedinn: If the mound configuration is such that the 
roof loading is unaffected by pressures on the side slopes, it is 
reasonable that the loading on the base slab be taken equal to that on 
the roof. 

2f, on the other hand, the mound configuration is such that 
the pressures on the windward slope do influence the roof design lead, 
the corresponding base load Is more uncertain, Without question, the 
nature of the roof loading must influence the load on the base, but the 
extent and character of this influence is at present unknown. Considering 
the inherent rigidity of a buried rectangular structure, any non-uniformities 
of roof loading should be evened out on the base. Consequently, while no 
load forms for the base can at present be given, it Is recommended that 
the base be proportioned to give a uniform structural res}stance equal 
to the average resistance of the roof. 

Wall Loading. In the absence both of research studies and 


experience, it is impossible to present with confidence recommended design 
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loadings for walls of mounded rectangular structures. At one extreme, 
if the mound side slope is nearly vertical and In close proximity to the 
wall, the design load for the wall is, for practical purposes, equal to 
the load on the windward slope of the mound, At the other extreme, If 
the side slopes of the mound are very flat, the effect of the load on 
these slopes can be neglected, thereby constituting the fully-buried 
case for which wall loadings have been recommended in Sect. 5.3.4. 

For the general case such as is illustrated in Flg. 21, the 
wall loading is somewhere between the two extremes identified above, 
Though their significance cannot now be specified, the following parameters 
are among the more important factors that influence the blast-Induced 
pressure of the wall of a mounded rectangular structure: (1) the location 
of the structure relative to natural ground surface, (2) the location 
of the top of the mound relative to the structure, (3) the steepness of 
the mound side slopes, (4) the distance between the wall and the mound 
side slope, and (5) the type of soll and the backfill procedures used in 
the mound, 

Until information becomes avallable on which to base more 
rational recommendations, the following design loadings are suggested, 
though they are thought to be conservative. The conservatism stems from 
a neglect of any attenuation or modification of the pressure pulse a¢ 
it propagates from the mound surface to the wall and also from the 
neglect of the fact that, as the loaded wall begins to deflect, the 
pressure on the wall may be reduced by soil arching. The suggested 


procedure is as follows: 


(1). Draw lines normal to the windward slope of the mound at 
the top and bottom of the slope as shown in Fig. 5-21 at points C and D 
or E, | 

(2) Take the loading on that part of the wall included between 
these two lines (FG or FB) to vary with time as the pressure on the - 


windward slope but to be reduced [n intensity by the factor Ki. where 


/ 


so +1 


Thus, if p(t) is the time-dependent pressure on the windward slope, then 
the corresponding pressure function on that part of the wall being considered 
cen be taken as K,p(t). Recardless of the mound configuration, the load 
function should never be taken as less severe than Kop, (te) where Ke is as 
given in Table 4-1 and p,(t) is the surface overpressure-time function, 

| (3) Take the loading on that part of the wall above the part 
discussed in (2) to be Kp. (t). 

(4) Take the loading on that part of the wall below the part 
described in (2) to be Kop, (t) where p(t) is free-field vertical pressure 
function in the soil attenuated fron the netural ground surface. 

It is recognized that the loading criterla suagested above will 
result In a discontinuity of criteria when the mound has a slope of 1 on 4 


which corresponds to the fully buried case. While recognizing this inconsistency, 


the basis of the procedures outlined above is not considered sufficiently 


rational to warrant the introduction of refinements to overcome the difficulty. 
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5.4.3 Partially Buried Arches. In Sects. 5.2.4 and 5.3.5 
peconmenastrens were given for design loadings for arched structures 
completely above ground and fully buried, respectively. | For an arch which 
is either completely or partially covered by an earth mound, but for which 
the earth cover is Insufficient to meet the requirements for full burial as 
set forth in Sect. 5.3.5, the blast-Induced forces must be intermediate 
between those for the two limiting conditions just specifted. 

As indicated previously, no data are available to serve as a 
basis for the formulation of design loading recommendations for partially 
buried arches, The recommendations that follow are based primarily on 
judgment as influenced by the obvious need for a smooth transition in load- 
ing, as the earth cover fs increased, from the loading stipulated for the 
completely above ground case to that for the fully buried case. 

A method for extrapolating from the above ground case to obtain 
the blast loadings on a partially burled arch is given in Ref. 5-5, A 
study of these recommendations Indicates several weaknesses, the most 
important of which follow: 

(1) The nonuniform components of load similar to those illustrated 
in Figs. 5-6(b) and (c) generated by the reflected and drag pressures on the 
soll mound are extremely sensitive to changes in the depth of earth cover. 

(2) The unsymmetrical loading identified In (1) is highly 
sensitive to changes in slope of the sides of the earth mound especially 
when the slopes approach those taken to be comparable in their effect to a 


flat surface, I.e., 1 on 4, 
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(3) The procedure of Ref, 5-5 fails to recognize that, if the 
side slopes are very steep, the effect of cover over the arch in reducing 
the unsymmetrical eomacnent is negligible. 

In an attempt to overcome these weaknesses of the procedures 
given in Ref, 5-5, it fs recommended that the methods outlined in the 
paragraphs that follow be used to interpolate between the ebove ground and 
the fully buried cases to obtain reasonable estimates of design loads for 
the partially buried arch, | 

As for the above ground case, partially buried arches must be 


designed not only for a uniform radial pressure related to the surface alr 


blast overpressure, but also for an unsymmetrical or flexural component of 
loading related to the reflected and dreg pressures on the earth mound. 

_ The uniform compression loading should be taken equal to that for the above 
ground case as illustrated In Fig. 5-6(a). The unsymmetrical loading 
components have the same characteristic form as in the above ground case, 
as illustrated in Figs. 5-6(b) and (c), but are reduced in intensity 
because of the existence of the earth mound over the arch, 

Because of its nature, It seems reasonable that the drag component 
of the flexural loading should depend primarily on the steepness of the side 
slopes of the earth mound as well as the location of the side slope laterally 
with respect to the arch. Based on the criterion for full burial defined 
in Fig. 5-16, flexural loading may be completely ‘neglected if the side 
slopes are flatter cian one on four. Furthermore, If the side slopes are as 
steep as one on two, a further increase in slope wlll have only little 


effect on the loading, 
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Consider the mounded arch shown In Fig. 5-22; if, in this case, 

s is less than 4 but greater than 1, the drag component of flexural load 

should vary between zero and the above ground value shown In Fig. 5-6(b). 
sas As a reasonable interpolation between these two limits, it Is suggested 


that the peak value of the drag component of loading be taken as 
B. 


where @ = (4 - s)/3, B. = half of the central angle of the circular arc 
most nearly coincident with the actual ground surface, and cy = the drag 
coefficient corresponding to the steepness of the actual side slope. 

In the above, s should be taken as 4 if equal to or greater than 
4, and as 1 if equal to or less than one, and as its actual value if between 
these limits, 

The peak drag loading given by Eq. (5-39) can be assumed to occur 


at a time 
B. 
t= (1 +3 =) c “ (5-49) 


after which it can be taken as 
Be 
Pro(t) = [2 Cy Py (| a (5-41) 


where the terms are as previously defined, 

The initial component of the flexural loading of a partially buried 
or mounded arch i's dependent on both the average depth of cover of the arch 
and the location and steepness of the side slopes. To interpolate reasonably 


between the above ground case and the fully buried case, it is suggested 
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that the value of the initial component be taken as increasing Linearly 


to @ maximum of 


[1-4 6%) G+ 0%) +0 es) -—— (5-42) 
Pim ™ | L t’ | Pso 2 + 6 Ps am 


t 
in which all terms are as previously defined. In this equation, the quantity 
[ cH, 70 (1 - 0%) | should never be taken as less than 0.125 nor greater than 
0.25. If its pore value is outside these bounds, the nearest adjacent 
. bound should be used. 

The maximum value of the initial component of flexural loading can 
be taken as occurring at a time 1/2 after which it decays linearly to zero 
at a time Q +3 B./n)t. | 

The influence of the steepness of the side slopes and the depth of © 
cover over the arch on the two components of flexural loading are evident 
in the terms (Ha /t) and @ as they appear in Eqs. (5-39), (5-41), and (5-42). 
The influence of the lateral location of the side slopes with respect to the 
arch is not immediately evident; actually, the influence of this parameter 
is reflected in the magnitude of B. since, as the lateral distance between 
the side slopes is increased, the value of By met necessarily be decreased. 
Used with the restrictions imposed in their presentation, the procedures just 
described will, at the two extremes, yield loads identical to those 
previously recommended for the completely above ground and the fully burled 
cases and will provide a smooth transition in load between these two bounds. 
No other arguments can be given at present to justify thelr use. 

5.4.4 Partially Buried Domes. A dome that has some earth cover, 


but less than that stipulated for the fully buried case in Sect. 5.3.6, is 
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generally referred to as being partially buried or mounded. For such 

domes, the uniform compression component of load should be taken equal to 
‘s oa recommended for the fully buried case. In addition, it must also be 
designed for flexural load comparable in its general form to that required 
for an above ground dome in Sect. 5.2.5. However, the flexural loading 
can be reduced in intensity for a mounded dome because of the influence of 
the soil cover. Lacking better knowledge of the nature of the loading, it 
is recommended that the procedures suggested in Sect. 5.4.3 for flexural 
load interpolation between the above ground and the full buried arches be 


applied also to partially buried domes, 
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(a) Uniform Cornpression Loading. (See Fig. 5-6 For 
Variation With Time.) 
(b) Flexural Loading. ( See Fig. 5-6 For Variation 
With Time.) 
FIG. 5-5 CONVENTIONALIZED BLAST LOADING 
= ON AN ARCH. 
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(b) Drag Component Of Flexural Loading 
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FIG. 5-6 TIME- —DEPENDENT LOADINGS 
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(a) Dome Notation 
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(b) Uniform Radial Component. (For Variation With Time See 
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FIG. 5-10 ASSUMED VARIATION OF SHEARING 
STRESS VERSUS DISPLACEMENT 
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FIG. S-tl ASSUMED VARIATION CF DISPLACEMENT 
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FIG. 5-12 VARIATION OF PRESSURE WITH DEPTH 
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FIG. 5-13 CROSS-SECTION OF UNDERGROUND STRUCTURE 
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FIG. 5-15 ASSUMED VARIATION OF SHEARING STRESS 
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FIG. 5-16 DEFINITION OF FULL COVER 
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w= Weight Per Unit 
Volume Of Soil. 
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FIG. 5-18 MAGNITUDE OF HORIZONTAL DEAD 
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FIG. 5-2t TYPICAL PARTIALLY BURIED OR 
MOUNDED RECTANGULAR STRUCTURE. _ * 
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FIG. 5-22 TYPICAL PARTIALLY BURIED OR MOUNDED 
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CHAPTER 6. DYNAMIC PROPERTIES OF MATERIALS 


6.1 INTRODUCTION 


Material properties under dynamic loads are of interest In two 


respects. First, the normal static stress-strain relationship may be 


altered permitting different deformations and energy absorption, Secondly, 


the dynamic loading may affect the circumstances under which brittle failure 
can occur. Such conditions as severe restraint, residual stresses, discon- 
tinulties, flaws, and thickness of materials and joints must be studied in 
their interrelation and influence on cracking tendency. Experimentation 

and study continue, with many questions as yet not answered. The purpose 

of this chapter Is to discuss the problems and to summarize the present state 


of knowledge of dynamic material bekevior. 


6.2 METALS 

6.2.1 General Discusston. Metals can be grouped into two classes 
with respect to thelr behavior under dynamic loading. In the first class are 
those metals with continuous unbroken stress-strain curves shewlng no sharp 
ylelding zone. This group includes all metals with a basic crystal structure 
which Is face-centered cubic, l.e., aluminum, copper, etc., and in addition 
those steels which are heat-treated or worked until they lose their definite 
yteld points. Metals of this group do not generally exhibit significant 
changes In thelr mechanical properties under dynamic loadings of the type 
encountered In blast resistant design. The second group Includes those metals 
which have a bedy-centered cubic crystalline lattice. This group Ircludes 


the standard structural alloy steels, etc. Metals of this group show a 
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marked variation in mechanical properties with changes in rate of loading. 

In studying the influence of rapid loading on the behavior of these latter 
metals two types of investigations have been employed. In one, a constant 
Sstrain-rate function is applied to the specimen and its rate is varied between 
tests (Refs, 6-1, 6-2, 6-3). In the other a loading pulse with a sharp rise 

is applied to a specimen which has very little mass (Refs. 6-4, 6-5, 6-6). 

Under the strain-rate testing, the stresses associated with the 
Initiation of yielding are found to increase as the strain-rate Increases. 
The magnitude of this Increase Is a direct function of the strain-rate, The 
few strain-rate tests that have been reported have been constant strain- 
rate tests. 

The other data existing are those from the loading tests. In this 
case, a load causing stresses in excess of those normally associated with 
yielding Is applied rapidly to a test specimen which has little mass. The 
specimen responds directly to the loading with strains increasing elastically 
with stress. Ouring this time the loading test is essentially equivalent to 
@ constant strain-rate test. If the peak value of the stress Is equal to or 
greater than the yield stress established by the strain-rate associated with 
the rate of loading, the material will yield with no delay. If the stress 
is less than that value, the straining will stop for some finite time after 
the load has reached its peak before yielding commences. There is thus a 
critical value of peak stress for each strain-rate to yield relationship 
which determines if the time delay occurs. During this deley time the 
specimen supports a stress in excess of that commonly associated with static 
yielding at a strain corresponding to elastic behavior (Refs. 6-5, 6-6). 


This delay time decreases as the excess stress increases until zero delay 
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time is reached at a stress equal to the yield stress value for the strain- 


rate applied. 


In Fig. 6-1 the ratio of dynamic yield stress to the static yield 
stress (values correspordiag to maximum strain-rate permissible under ASTM 
speci fication) is plotted against time to initiate yielding, measured from 
zero time. In applying these data to the design of structural systems it 
must be remembered that it is the response of the system which determines 
the dynamic effect felt by the material. The delayed yield behavior can 
only be found in essentially massless systems. In actual members possessing 
mass and susceptible to inertia loading the time-rate effect of delaying 
the yield does not ordinarily manifest itself and can be neglected. 

Strain-rates govern the dynamic material propertles of most systems. 
In an actual member, the strain-rate varies with both time and position in 
the member. For typical members or systems, the response generally carries 
the member to yielding at a time when the strain-rate is near the maximum, 
Although time to yielding can be computed, sufficient data are not available 
to determine the effects of this time variation of strain-rate. Thus average 
values are used, realizing that they are in general conservative. | 

In the response to dynamic loadings the Modulus of Elasticity of 
steel has been demonstrated not to change significantly. 

6.2.2 Structural Steel. In Fig. 6-2 the dynamic stresses associated 
with the initiation of yielding are plotted for varying times to yiietd. The 
static or base value of yield stress is taken as that corresponding to a time 
to yield of one second. At this rate the value of 37 ksi was selected based 


upon a study by Jackson and Moreland (Ref, 6-7) which shows that approximately | 
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90 percent of A-7 steel should have a yleld stress in excess of this value. * 
The approximate time to yield Is In the range 0.2-0.3 times the fundamental ; 
period of vibration of the member being loaded. Using this relation It can 
be seen from Fig, 6-2 that for structures with a period of approximately 

100 msec or greater a dynamic yleld stress of 45,000-50,000 psi Is reasonable, 
while for structures with a period of less than 100 msec a value greater 

than $0,000 psi Its Indicated. Although this hedges somewhat on the longer 
periods, It Is reasoned that the conservatism of using constent strainerate 
deta end the low static stress allow such a salection, A more refined 

yleld value might be selected after a detalled analysis of the original 
design; onevecs this does not seea Justified by the nature of the prodlea. 

The results clted sbove are considered to apply equally well to 
steels under the has ASTH Ssectfication A-36, 

For shear, nuwzereus data end theoretical studies Indicate that the 
dynamic shear yield value Is about 0.6 times the dynesic tension yleld value, 
and failure In sheer takes place at about 0.75 times the tensile strength. 

6.2.3 Hieh Strength Low Alloy Steels. The results of laboratory 
tests Indicate that the steels with higher static yleld stresses do not 
achieve as high a pabcentene of Increase In yleld stress under dynamic load- 
Ings as do weaker steels. For the low carbon stsels of this group which 
exhibit the flat yleld zone, although little specific test data are available, 
the yicld stress may be increased slightly as the rate of leading Increases. 

A limited nuzber of strain-rate tests conducted by Jones and Mcore (Ref. 6-2) 


show a flattening out of the dynamic yield increase at higher strain rates. e 


Ba 


. For this reason, until more complete data become available, increases 
above 5 percent are questionable, As with A-7 steel, the yleld stress in 
shear is taken as 0.6 times the dynamic yleld stress in tension. 

6.2.4 Relnforcing Steel. Behavior of Intermediate and structural 
grade reinforcing steels at the strain-rates associated with the response to 
blast loadings is analogous to the behavior of A-7 steel. Figure 6-2 gives 
the dynamic stresses associated with the initiation of ylelding versus the 
time to yield. For intermediate grade, the static yleld value Is taken as 
45,000 psi. This value represents an average value. For smaller bars the 
tendency is toward higher values and for the larger bars, lower values 
(Ref. 6-23). 


From Fig, 6-2 the following dynamic yleld values are indicated: 


Intermediate Grade f, = 50,009 = 60,000 psi 
dy 


Structural Grade Fay z 40,000 - 50,000 ps] 

Because of the variability of static properties of reinforcing bars, further 
increases in these values cannot be generally recommended. For grades of 
reinforcing steels which do not exhibit definite yield zones, negligible 
dynamic increases occur, as mentioned in Sect. 6.2.1. For those grades of 
reinforcing which have higher initial yield values than intermediate grade 
and finite yleld zones, dynamic increases consistent with the approach used 
for low alloy steels can be used. 

In regard to the dynamic properties of reinforcing bars, the 
question of the effect of welding is of interest. There has been recently 
concluded at the University of Illinois a series of tests In which this 


question was studied (Ref. 6-24). Tests were made on No, 6 deformed bars 
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of two grades: ASTM Designation AlS (Intermediate Grade) and ASTM Designation 
A-431 (a high strength steel). Bars of both grades were tested in the as- 
rolled condition and also after having been joined by 60-degree, single-Vee 
butt welds with a 1/8 inch gap between the welded parts. The bars were 
tested under slowly applied loads as well as under rapidly applied loads. For 
the rapid load tests, an infinite duration pulse was used. The time required 
to reach failure in the high strength bar tests varied from 0.005 to 0.012 
sec., and the time to yleld for the intermediate bars was about 0.003 to 
0.004 sec. 

Interpreting the results of these tests, Ref. 6-24 states that 
...these tests have shown the high-strength reinforcing bars having the 
same physical and chemical properties of those used in this program can be 
welded to produce a bar having properties under slow and rapid loading not 
significantly different from those of the as-rolled. unwelded bar. On the 
other hand, these results provide a warning that weld defects, perhaps even 
minor ones, can greatly reduce the ultimate strength and elongation under 
rapid loading". 

Concerning the tests on the intermediate grade bars, Ref. 6-24 
States that the welded specimens developed yield points under rapid loading 
from 26 to 32 percent higher than that for the welded bars tested slowly, 
while the increase in yield due to rapid loading of the as-rolled bars was 
usually about 33 percent. 

Thus, it may be concluded that if the welds are properly made, 
butt-welded reinforcing bars behave in essentially the same manner as un= 


welded bars with both slow and rapid loading, However, weld defects can 
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precipitate brittle failures, particularly under dynamic loads, at stress 
levels below the yield strength of the as-rolled bar. 

6.2.5 Brittle Behavior of Materials and Connections. Under dynamic 
loadings the enhanced possibility, under certain conditions, of brittle failure 
of welded connections requires that more than usual consideration be given 
the connections. The chemical composition of the metal is of primary 
importance; certain composition steels, such as those of high carbon content, 
are more susceptible to brittle fracture. Attention should be given not only 
to the welds, but also to the procedure and conditions under which the weld- 
ing is done. A brittle condition or unusual stress concentration in rivets 
and bolts can be a source of fallure, but the punching and preparation of 
holes may be of more significance in this respect. In addition, edge 
conditions may determine the strength. These statements may seem contradictory 
to the phenomenon of connections offering increased resistance when specimens 
deform rapidly, but insight into the brittle behavior of materials sub- 
stantiates all of these apparently conflicting statements. It should be 
noted that much of the material on brittle failures is relatively new, and 
with a shortage of tests under a wide range of dodaieicns, there Is still a 
large area of theory which is not completely understood or agreed upon, 

Figure 6-3 is a typical qualitative plot of test results for assess-= 
ing the tendency toward brittle fracture. The stress required for plastic 
flow depends upon both rate of loading (or strain-rate) and temperature. 

The ductility transition temperature zone is an attempt to mark the boundary 


between brittle and ductile behavior. It moves to the right (higher tempera- 
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ture) with an increase in notch severity and/or: increase in rate of loading. 
Although there is a ''fracture appearance transition temperature’ et a higher 
energy range, this "fracture transition" is almost insensitive to the notch 


severity and rate of loading. It is of less importance since service failures 


were found to have little manifestation of ductility. This may be explained 
by the fact that brittle behavior below the ductility transition temperature 
may Initiate a crack and snontenteus cleavage propagation may follow at 
stresses a»ove 10,000 psi. This is generally true for fractures initiated 
in the laboratory by impact methods; however, recent results make this 
particular stress level questionable. Static loads under the same condi- 
tions of brittleness, temperature and Initiated crack could cause a cleavage 
crack to grow if a sufficient region of the structure had reached a stress 
equal to yield. 

Although a notch may cause stress concentrations, this is not the 
primary reason for its embrittling ection. A state of stress exists at a 
notch where the ratio of maximum shearing stress to maximum principal stress 


becomes small thus Inducing brittle behavior. Such embrittling may aiso be 


the result of cold-working, punching, shearing, flame-cutting, "arc-striking", 
high degrees of restraint and residual stresses. 

The significant effect of an increase in strain-rate is that the 
yield stress increases more rapidly then the ultimate stress. Such en 
increase in the ratio of yield stress to ultimate stress introduces the 
possibllity of local fracture of a brittle nature in an ordinarily ductile 


material, Also, the "transition temperature" can increase with increased 


strain-rate under fixed conditions of stress and strain, and brittle failure. 
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can occur at higher temperatures, 
Strain-rates may become exceedingly high where there are stress 
‘ concentrations. The resultant strain-rate at such points is the product 
of the initial strain-rate and the stress concentration factor. 

Figure 6-4 shows a comparison of the effect of impact and slow 
loading on energy absorption for fracture of notched specimens of 0.16% C 
plain carbon steel, Considerable variation In energy ebsorption occurs 
between 0° and +40°F, There is a linear relation between the log of the 
Strain-rate and the reciprocal of the absolute temperature of transition. 

Records of service failures substantiate that embrittlement re- 
sults from defects in materials and poor workmanship, along with low 
temperatures and impact loads. No brittle failures are likely at temperatures 
higher than the effective transition even with the presence of defects or 
flaws. 

Almost without exception, the origin of cracks in welded ships, 
for example, were at weld defects. This would indicate that designing con- 
nections for structures to undergo dynamic loading requires a thorough 
understanding of sound welding procedures and factors affecting weldability. 

As has been noted, the fabrication methods of edges with their 
consequent physical and geometrical properties have a profound effect on 
the probability of brittle failures. 

Since the shanks of bolts and rivets are not "cold-worked" or 
"notched"! during fabrigacteny and since they are basically shear components, 
brittle failure of these items in the manner of defective welds is un- 


likely. High-strength bolts are an exception in that they are basically in 
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tension, but by the nature of their structural function the impact loading 
does not have the same relation to the basic stresses as in the case of 
bolts in shear. Thus it seems likely that high-strength bolts in shear would - 
not be as susceptible to brittle failure as other connections. This has 

been confirmed by the A.R.E.A.'s conclusions that such joints are superior 

to riveted joints and they are not affected adversely by extremely low 
temperatures, 

Rivets and bolts undergoing impact loads must have consideration 
given to the materials used, the time-rate of loading anticipated and the 
lowest ambient temperature of the structural elements. In addition, con- 
sideration should be given to the type of loading normally carried prior to 
the anticipated dynamic loading. For exemple, a member normally subjected to 
reversals of load may suffer from fatigue and thus become more susceptible 
to brittle fracture. These considerations determine how critical will be 
the connection material properties, fabrication methods and workmanship. 
Information on significant semse teres of the materials and prescribed 
fabrication procedures are normally available from manufacturers, societies, 


and institutes concerned with the use of the material in question, 


6.3 CONCRETE 

Tests reported in Refs. 6-17 and 6-18 show that with increased 
rates of straining concrete properties vary as shown in Fig. 6-5. In the 
referenced tests, two basic concrete strengths were tested. The ‘weak’! 


concrete had an fe of approximately 2500 psi while the ''strong' concrete 
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‘had an e of approximately 6000 psi. The curve of Figure 6-5 represents 


an average of the effect upon these two strengths. In the general region 

of interest, the increase in the ultimate strength ranges from 20 to 40 
percent. Flexural members are generally proportioned such that the reinforcing 
steel governs the resistance capacity. For such members concrete strength 
variations of the amounts given above have little or no effect upon the 
resistance capacity. Therefore, there is little necessity for using in- 
creased concrete flexural strength values for dynamic loads. There may, 
however, be good reason for using increased compressive strengths in columns 
and similar members. . 

It should also be noted that the dynamic increases in compressive 
strength discussed above should be considered as being applicable to the 
static strength at the time of loading, not the so-called standard or 28-day 
Static strength. Thus, from an attack point of ews 8 would be proper to 
take into account an increase in strength due to aging before applying the 
dynamic increase factor. For design, it is probably also reasonable to 
consider at least some increase due to aging; however, the amount of time 
that should be assumed to exist between the construction of a facility and 
the date of potential loading by blast is a subject of which is beyond the 
scope of this manual. 

Shear properties of concrete should increase under dynamic conditions, 
Little data exists on this subject: Because of the brittle nature of this 
mode of failure, no allowance should be made for any increases that might 


occur. 
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6.4 TIMBER 


Tests conducted by the Forest Products Laboratory (Refs. 6-19, . 
6-20) demonstrated the increased load capacity of timber members under short 
duration loadings. The tests studied the influence of rate and duration of bi 
loading on the compression parallel to the ae and the modulus of rupture 
and found that these values increased 100 percent for the loadings of the 
order of one second as compared to the long-duration loadings which are the 
t.sis of the working stress code values (see Fig. 6-6). A limited amount of 
supporting data indicate that the same relationship holds for the other 
properties. This effect of load-duration has been decoanized for some time 
and allowance for it is made in present timber design codes. Although 
under blast loadings the rate of loading is more rapid, the stress level is 
held for some finite duration as opposed to the increasing load to failure 
of the Forest Products Laboratory tests. These counteracting influences are 
assumed to balance out and the 100 percent increase is considered realistic. 
Thus the dynamic design stresses are approximately twice the normal design 
stresses given in timber codes. These normal design stresses have a factor 
of safety of a minimum value of 1-1/4 and a most probable value of 2-1/2, 
However, it is felt that there Is not enough uniformity In ultimate strengths 


to permit a reduction In safety factor In addition to the 100 percent increase 


recommended for dynamic loading. 
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CHAPTER 7, FAILURE AND DESIGN CRITERIA 


7.1 INTRODUCTION 

Having established the environment in which the structure must 
be placed, It Is necessary to give consideration to the performance that 
will be required of the structure. Actually, it is convenient to think of 
satisfactory performance versus failure, and to think of failure as any per- 
formance which does not meet the standards that have been set as minimum 
requirements, The performance requirements, of course, can be set for a 
given structure without any knowledge of the loads to be encountered. Com — 
bining the performance requirements with loading criteria and with matertal 
and structural properties leads to a design. 

It is apparent that at each step of the design procedure, further 
elements of uncertainty are introduced. By the time the design is complete, 
the probability of non-failure is indeterminate but is related to and 
derived from: 1) the probability that the essumed loading conditions will 
actually prevail; 2) the probability that the structure will behave In the 
manner assumed; and 3) the probability that the structural materials them- 
selves will exhibit the properties of strength, ductility, etc. which were 
assumed. 

It is thus seen that the concept of a safety factor is rather 
meaningless, and that one must turn to an ultimate or limit design which is 
closely allled with some idea of minimum acceptable structural performance, 


or conversely with some definition of failure. 


J=1 


| 


The purpose of this chapter is, therefore, to discuss the 
concept of failure in its broadest sense and to show how criteria for 
design must be carefully fitted to the failure concept for the specific 


case being considered. : . 


7.2 FAILURE VS SATISFACTORY PERFORMANCE 


For use herein, failure might be defined as non-ability of a 
Structure to perform its minimum assigned function during some specified 
period of time (Ref. 7-4), In this sense a structure could be considered 
to have failed in a number of situations of which the following are 
illustrative: | 
(a) Structural collapse. 
(b) Excessive structural distortion so that 
equipment etc, become non-cperative. 
(c) Failure to protect human occupants from 
nuclear effects. 
(d) Failure to protect equipment and supplies 
from nuclear effects. 
Which type of failure is critical must be decided in each individual case 
and may require command decisions, particularly if the safety of personnel 
ts involved, 
In defining failure, the complete operating function of the struc- 
ture must be considered: 
(a) Is the structure to withstand one attack or oxy ; 


several repeated attacks? 
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(b) How soon after an attach is the structure 
required to function? 

{c) Is such operation in a normal or emergency, 
buttoned-up condition? 

(d) How long is the structure requires to perform 
its function after an attack? 

‘ (e) Is saving operating personnel an end in itself 

or is the operation the primary Shi sevive? 

(f) What is the absolute minimum performance which 
will be acceptable? 

Satisfactory performance is then considered to be anything short of failure, 


and an arbitrarily sharp cut-off is assumed between success and failure. 


7.3 SAFETY FACTOR 

As previously stated, the concept of a safety factor is vague in 
nuclear blast-resistant design. The design is essentially an ultimate design 
aimed at the standards of performance required, There is @ certain probability 
that a given set of structural performance requirements may be met by a slot 
structure resisting a given loading pattern, There is then a further 
probability that the given loading pattern will be the one which occurs, 
The first of these two probabilities can be made to be very close to 100% 
by uniformly conservative assumptions in material and structural behavior; 
the second probability is one over which the designer has no control. This 


lack of control should not be of concern, however, if it is accepted that 
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' one predetermined set of loading conditions. If these conditions are taken 


the design must lead only to satisfactory structural performance against 

as the desian conditions and a design is made on the basis of ultimate 
structural and functional performance, the resulting "factor of safety" can 
be interpreted as being unity. 

It does not seem that a factor of safety larger than one is 
desirable for nuclear blast-resistant design since the design is based on 
assumed loads which may never be realized. If, for some reason a greater 
factor of safety were required, the loading assumptions should be increased 


and an ultimate design made to achieve the required performance based upon 


the increased loading. 


7.4 DESIGN CRITERIA 


The design criteria are selected: 1) to meet the performance 
requirements, and 2) to let failure occur in a preferred, predetermined 
fashion. 

In considering the performance requirements, design criteria 
include: 

(a) Maximum permissible absolute and relative 
displacements and distortions (both elastic 
and permanent). 

(b) Maximum permissible stresses (or strains) and 
minimum strengths. 

(c) Maximum permissible radiation in the interior. 

(d) Maximum permissible accelerations and velocities 


to which Structure and its contents may be subjected. 


(e) The number cf times the structure is expected 
to withstand the assumed loading conditions. 
(f) When and how long the structure must perform 
its function, 
(g) The requirements for area, cube, operational 
function, habitability, ete. 
The structure could be proportioned so that the assumed loading 
conditions: 
(a) Cause impending failure by fatigue. 
or (b) Barely produce yielding at oie section or 
at iors: Chan one section. 
or (c) Cause excessive elasto-plastic displacements. 
or (d) Produce a condition of impending instability. 
It is usually desirable to insure that if failure Sane occur it will be in 
a predicted fashion, This can be decided either with the aim of reducing 
the violence of suddenness of failure or of controlling failure in a manner 


which is well understood. 


7.5 OUCTILITY RATIO 

The preceding discussion shows the importance of defining satis- 
factory performance (cr failure) and the need for describing this by some 
physical measurement, It is customary to speak of structural response in 
a general way to mean the “aggregate overall general effect produced By the 


loads on the structure!’ (Ref. 7-3). More specifically, the term "response" 
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is uSed to describe the deflection of a structure at a given time. 

If the structure is a simple single-degree-of- freedom eyerens 
the response is simply the value of the displacement coordinate at the 
time of interest. For a more realistic, complex structure having many 
degrees of freedom and as many displacement coordinates as degrees of 
freedom, the overall response is complex. What is generally done is to 
assume a manner of deflection which is consistent with the loading and the 
mode of the fundamental period of vibration of the structure.. Then some 
one coordinate can be chosen which is representative of the overall response 
in this mode. 

Assuming the effective response to be describable by one coordinate, 
the concept of a ductility ratio for a structure becomes meaningful. The 
ductility ratio uy is the ratio of the maximum response to that response at 
which linear behavior stops (or inelastic behavior starts). Thus au of 5S 
would mean that the maximum response of the structure was S) times the response 
at which the structure first yielded. Au of less than unity would mean 
that the structure remained elastic. 

Ductility ratios are used in describing the response of structural 
elements as well as of composite structures. It is customary to design for 
the required strength and a ductility ratio as large as the performance 
requirements will permit. Members having large ductility ratios are capable 
of greater absorption of strain energy and thus are more efficient in 
resisting transient loading. Furthermore, for buried structures, ductility 
in a structure is essential to permit the structural deformations required 


to take full advantage of the inherent strength of the soil that surrounds 


the structure. Soil resistance can bx mone only after detormations 
are imposed upon it. 

7 The ductility factor that corresponds to collapse for various 

4 structures ranges from slightly greater than one for brittle structures to 
values of the order of 20 to 30 for very ductile structures. In some 

. cases it can even be higher. The ductility factor used in a given design 
can have an important effect on the resistance that must be designed into 
a structure, This effect is discussed in Chapter Y and Appendix B. 

It should be emphasized that the choice cf the ductility factor 
to be used in the design of a particular facility, or components thereof, 
may be controlled by functional requirements rather than by ductility limit 
of the material at failure. For example, if the facility must withstand 
numerous repetitions of the design load, the ductility éeetor would have 
to be considerably smaller than the value that would be acceptable for a 
one-time loading. Similarly, the amount of cracking and spalling of con- 
crete increases as the amount of inelastic strain and the number of load 
applications are increased. Consequently, in a given structure the damage 
that might be done to equipment or personnel by pieces of spailed concrete 
might require the specification of a low ductility factor to avoid the 
formation of spalls, even though a high ductility factor may be permissible 
from the standpoint of maintaining structural integrity. In still other 
cases it may be necessary for operational reasons to limit the displacements 
that will develop under the design loads. Thus, it is necessary that 


ductility factors used in the design of elements of a structure be chosen 
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consistent with the operational requirements of the element with an upper 
limit being placed on the factor by the ultimate ductility of the material. 
If functional requirements do not impose more stringent 
restrictions, it is recommended that a value of u = 1.3 be taken for rela- 
tively brittle structures because there is practically no structure which 
does not ‘have some inelastic deformation even up to the point of yielding. 
For moderately brittle structures uy can be taken in the range from about 
2 to 3, and for quite ductile structures 4 can be taken in the range from 
10 to. 20. In general, for reinforced concrete structures or for. steel 
structures, the ultimate ductility factor for flexural members is less for 
deep members than for shallow members; and in reinforced concrete in 
particular, it is less for heavily reinforced members than for lightly 
reinforced members, The ductility factor for compression members should be 
taken in the brittle range, about 1.3 (Ref. 7+1). For reinforced concrete 
beams and one-way slabs is approximately ae 


tensile reinforcement and —' is the percent compressive reinforcement. 


» where ? is the percent 


However, the value of u should not exceed 30, 

For reinforced concrete beams with structural grade steel rein- 
forcement, tests indicate the following: (Ref. 7-3) 

(a) Concrete strength has little effect on the energy absorbing 
capacity of beams failing initially in tension but does have an effect on 
the energy absorbing capacity of beams failing in compression, 

(b) The ductility of a beam depends on the percent of reinforcing 
steel, The addition of compression steel saabies a larger angle change to 


take place before the concrete crushes, and thereby increases the deflection 
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corresponding to collapse (i.e. a larger value for ite 
(c) The compression reinforcement must be well tied in order to 
produce the greater permissible p. | 
The following representative values of » correspond to collapse 


and are based upon test data (Ref. 7-3): 


_ Max, Value of 


R-C Beams (tension steel only) 2 
R-C Beams (tension and compr, steel) ; =< 
Steel Beams (lateral load) 26 


(Note: To develep this ductility, the flanges must be thick 
enough to prevent local plastic buckling.) 


Steel Beams (lateral and axial load) 8 
Welded Portal Frames (vert. load) 6- 16 
Composite T Beam 8 


7.6 GENERAL RECOMMENDATIONS 

The following recommendations are taken from Ref, 7-2, 

Any structural or material property which may cause brittle be- 
havior should be eliminated. The percentage of tensile reinforcement in 


reinforced concrete should be in the range from 0.25 to 1.5%. The percentage 


of web reinforcement should be not less than 0.5% if web reinforcement 
is required at all, where practicable, web reinforcement should be used 
in structures where a shearing mode of feilure may develop. Structural 


and intermediate grade steel are preferred. Details of fabrication must 


be such that severe stress concentrations and the possibility of introducing 


large residual stresses are avoided, In members subjected primarily to 
flexure, a minimum of 0.25% compressive seimtorcement should be used. If 
axial forces predominate, the amount of compressive reinforcement should 
equal the amount of tensile reinforcement. Plain bars should not be used 


for reinforcement. 


The above recommendations apply to a combination of the blast 


loads and the usual dead and live loads. In addition, the structure must 


satisfy at common factors of safety the requirements for the conventional 


dead and live loads expected. 


Basic dynamic material properties were discussed in Chapter 6, 
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CHAPTER 8, PROPERTIES OF STRUCTURAL ELEMENTS 


8,1 INTRODUCTION 
. In this chapter there are presented procedures for determining 
the properties of basic structural elements significant In the design of 
protective structures. Included in these significant properties are yield 
resistance in each of the several possible fatlure modes, stiffnesses, and 
natural periods of vibration. 
Each symbol is defined when first introduced: For conventence the 


nomenclature is summarized in Appendix 0. 


8,2 REINFORCED CONCRETE BEAMS AND ONE-WAY SLABS 


8.2.1 Introduction. Reinforced concrete flexural members may fail 3 
In any one of four possible modes of failure: flexure, diagonal tension, | 
ure shear, and bond. Of these modes, only the flexural mode and the éigonel 
tension mode, If properly reinforced, possess any significant degree of 
ductility. In protective structures, it Its of utmost Importance that 
Structural elements be so proportioned as to insure ductile response under 
load, 

In protective construction it Is frequently necessary, because of 
the very high pressures to be resisted, to design reinforced concrete beams 
and slabs having span-to-thickness ratios much smaller than those commonly 
used in conventional structures. Because of the limited amount of data that 


are avatlable on the strength and behavior of very deep reinforced concrete 


members, the procedures presented herein are necessarily based on studies, 
largely experimental, of the behavior of beams and slabs of conventional 
proportions, 

; An indication of the applicability of these procedures to deeper 
sections is given in Refs, 8-30 and 8-31, which are reports of static and. 
dynamic tests of simply supported, reinforced concrete beams having span 
to depth ratios of 2, 3, and 4, Summarizing the results of the studies of - 
flexural strength and behavior of these deep beams, it is stated in Ref, 
8-30 that "the behavior of deep reinforced concrete beds under static load 
can be predicted reasonably well, The well-known straight ltne formulas 
can be used to predict the yield load capacity. The ultimate capacity can 
be predicted using existing ultimate strength concepts but using a crushing 
strain equal to 0.008 instead of 0,003 to 0.004 as usually assumed for beams 
of conventional span-depth ratios." 

In summary of the shear strength studies of deep sections, while 
indicating the continuing difficulty of predicting with confidence the shear 
or diagonal tension strength of such elements, It is stated in Ref, 8-31 
that "the susceptibility of a deep beam to failure in shear does not seem = 
present the problem that was envisioned at the beginning of this investigation. 
For beams tested In this study, shear failures occurred only In those beams 
in which the concrete strength was low (fe = 3000 psi), the steel percentage 
was fairly high (1,67 and 2.58 percent) and the L/d ratios were low (L/d = 2). 


The cracking load and 'shear-moment’ criteria used to determine the shear 


strengths of conventional beams underestimated the ultimate strength of the 


beams failing in shear. The fact that several beams failed in shear at 
or near their flexural capacity and with large deflections before failure 


serves only to illustrate further that shear is not the problem in deep 


‘beams that it is in ordinary beams," 


On the basis of these studies, it may be concluded that the flexural 
resistance of deep beams can be computed reliably by conventional methods and 
tlat the shear resistance of deep beams is greater than that given by the 
expressions developed for beams of normal proportions. However, since 
general criteria of demonstrated reliability for shear resistance of deep 
elements is not yet available, it is recommended that the conventional 
methods presented herein be used even though, in some cases, they may yield 
excessively conservative results, 

8.2.2 Flexural Strength of Beam Sections. The characteristics of 
the flexural mode of failure are heavily dependent upon the percentage of 
tensile steel employed. If insufficient steel is used, when the concrete 
on the tensile side cracks, the steel is incapable of picking up the tensile 
force carried by the concrete before cracking. aul each under-reinforced 
members, at the point of concrete cracking, the load deflection relationship 
is characterized by a sudden rapid increase in deflection under a reduced 
load intensity. If, on the other hand, an excessively large percentage of 
steel is used, the concrete crushes on the compression side before the tensile 
steel yields. When this. happens the member loses practically all of its 
load carrying capacity and a very brittle failure results. 

To avoid either of these undesirable failure characteristics and 


to insure ductile response, reinforced concrete flexural members should be 
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proportioned to have a reinforcing index less than 40. The reinforcing 
index is given by (9 - 9°) (Fg / Fac) where ® is the percentage of tensile 


steel, 9' is the percentage of compression steel, f is dynamic yield 


dy 
strength of steel, and thc is the dynamic compressive strength of concrete. 
In no case should the amount of steel on any face of a beam or slab exceed 
2.0 percent of the cross-sectional area of the element . 


Under dynamic loadings, the yield strengths of concrete and steel 


are increased because of the strain-rate effect discussed in Chapter 6... The 


basic shape of the load-deflection relationship under dynamic loading does 


not differ significantly Fran the same relationship found under static 

loads. Thus, to obtain the dynamic moment-resistant capacity of a reinforced 
concrete section, it is necessary only to substitute the dynamic properties 
of the materiais into the equation for the static moment capacity. The 


ultimate moment capacity (Ref. 8-3) is therefore 


9 
k, wa f 
= ~~2 100 dy _ ) oe 2 
M, Suh. fy d (1 R 0.85 Ff ) in.-lbs. (8-1) 
1 de 
where A, = the tensile steel area, sq. in, 
d = the effective depth of the section, in. 


Fay” the dynamic yield strength of the steel, psi 
Facm the dynamic strength of the concrete, psi 
@ = the percentage of tensile reinforcement 
ky = the ratio of the average compressive stress to 0,85 ft 
and ko = the ratio of the distance between the extreme fiber and the 


resultant of compressive stresses to the distance between the 
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extreme fiber and the neutral axis. 
Using the commonly accepted values for the constants (equivalent 
to a rectangular stress block for the compressive concrete stresses), this 


equation can be written as: 


2 DF, 4 
= Pad” ee) E i 
My ™ To07 fay [2 mor, | in,-lbs. (8-2) 


where a is the width of the beam section in in. 
Over the range of recommended steel percentages and obtainable concrete 


strengths, Eq. (8-2) can be approximated, with little error, by Eq. (8-3) 


H, = 0,009 of adm ineles: | (8-3) 


dy 


Thus, for a simply supported beam of length L (in.), the uniformly distributed 


load intensity, dp required to produce flexural yielding of the beam is: 
ad 2 
G¢ = 0.072 Cy v9) @ psi (8-4) 


where b (in.) is the width over which de is applied, For a one-way slab, b is 
equal to a; for a tee-beam, or a beam that supports a slab, b is greater than 
a. 

For continuous beams, the uniform load corresponding to flexural 


yielding of a beam with equa! end moment capacities is given by: 
= —S. (uo + Me) = 0,072 (0 +0 »fF, & (a) i (8-5) 
Ue 2 <P oe : c ‘e ‘dy ‘bt? PS! 


where 2 and ?, are the percentages of tensile steel at the center and ends 


and Me and Me and fully plastic moment capacities at the center and ends, 
respectively. Equations applicable to other support and load conditions 
are given in Fig. 8-1. 

8.2.3 Diagonal Tension. This failure mode is characterized by 
diagonal cracks which propagate through the beam from a point near the 
tensile steel toward the compression face, when the crack has penetrated. 
to the point where the remaining compression zone of the concrete is in- 
sufficient to sustain the bending stresses, the concrete crushes and the 
member fails. 

The uniformly distributed load, q» required to produce yielding 
in diagonal tension can be defined for simply-supported and Sone ouous beans 


by Eq. (8-6), which is derived from Eqs. (5-14) and (5-17) of Ref, 8-2, 
2 29. f 2) AY 
es 3  e avg } vi dyy dy a : ms 
a ico (1 + 2 >. ) = =) | Dire, (1 + = GQ) (F) psi (8-6) 


where . is the average of the percentages of tensile steel at the ends 


avg 
of the member, a the percentage of web steel, fe the static concrete strength 
in psi, 7 the ratio of compression to tension steel at midspan, and Fay? a, 
and b are as previously defined. Eq. 8-6 defines the upper limit on the 
resistance that the member can be expected to supply without the possibility 
of a diagonal tension failure. 

When applying this equation to design, the ductility factor should 
not be permitted to exceed 1.5 unless a web steel percentage, P in excess 


of 0.25 is used. When applying this equation to a T-beam section, a 


rectangular beam whose width is equal that of the stem should be considered, 


No shear or diagonal tension failures have been observed during 
static tests when the classically defined diagonal tension stress was less 
than ra Ea (See Ref. 8-2). Therefore, if the required resistance of a 


member with symmetrical support conditions is less than 
q = 3.5 VF! (2) (2) psi, (8-7) 
y 7 c -L' ‘b : 


flexure will govern regardless of the value determined from the diagonal 
tension equation (Eq. 8-6), When the member has unsymmetrical support 
conditions this limit is given approximately, but with acceptable accuracy, 


by the following: - 


a = 3.5VF | ———=+—, — | (P@) psi (8-8) 
Y ] e max “e min 
1+ ea ca 
c 
where @ and -. are the maximum and minimum tensile steel percentages 
e max emin 


at the supports and R. is the tensile steel percentage at midspan, 

Expressions for the diagonal tensile resistance of uniformly loaded 
reinforced concrete beams are summarized for convenience in Fig. 8-2{b).. 

8.2.4 Pure Shear. Tests have shown that a concrete section, when 
subjected to pure shear, will fail when the average shearing force over the 
section exceeds 0.2f?. In other words, the intercept of the Mohr envelope of 
rupture on the shear exis corresponds to 0.2f. 

Failure of a beam or slab in this mode is at least theoretically 
possible even though the section may be adequately reinforced in diagonal 


tension, This failure mode is characterized by the rapid propagation of a 


more or less vertical crack through the depth of the beam or slab in the 
region near the support. A failure of this type is quite brittle; thus 

any design should be ee that this behavior is not initiated during the 
response of the member, No rational theory for determining the yield 
resistance in this shear mode has yet bieh developed; however, the procedure 
given below, based on Ref. 8-1, is recommended. 

The average shear stress on a vertical section through a beam or 
slab at a specified critical location should not exceed 0.2f). Therefore, 
assuming that the effective depth dis equal to 0.9 times the total depth 
D, the total shear force on the critical section should not exceed the 


value given by Eq. (8-9). 


= 1 a 
Vuit = 0-22 fi da, Ibs. (8-9) 


: hase 
The critical sect hb." is defined in Ref, 8-1 to be at a distance of d/2 or 
O.IL away from the support, whichever is smaller. Thus, for symmetrical 


support conditions, a beam or slab has a pure shear resistance, expressed 


in terms of a uniformly distributed load, of 


= ‘ g/t a t d ‘a 
Q, 0.44 f ae () psi for _ 0.2 . (8-10) 
= 0.85 Ft (d/L) (2) psi for 4 > 0.2 (8-11) 


when inclined steel is supplied over the support, the resulting 
increased resistance (Ref. 8-1) is approximated by assigning to the inclined 


steel a shear resistance equal to its yield capacity and to the concrete a 


shear resistance equal to one-half that of the uncracked concrete section, 


. Thus, for a member with inclined web steel, 


= ' 
qy Oo48 fs d/L 


when d/L is less than 0,2 and, when d/L is greater than 0.2, 


a, = 0.55 f () b+ oY Fr) @) psi (8-13) 


where v is the percent of steel (inclined at 45°) crossing a surface in- 
clined at 45°, If a (Fa// Fa) is less than 10,0, ae should be computed from 
Eqs. (8-10) and (8-11), 

If the member has unsymmetrical support conditions, the pure shear 
capacity for a section without inclined web steel can be written with 


acceptable accuracy in the following form: 


a, = 0.44 ft (SAL) —_h__ | 2) psi (8-14) 
v c - av i) - @ b 
1,"e max e min 
1 + =( o ) 
c 


when d/L is less than 0.2 and 


q, = 0.55 Ft (2) (2) psi (8-15) 


when. d/L is greater than 0,2. In these equations the 9 quantities are as 
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defined in Sect. 8.2.3 for diagonal tension, 
The pure shear resistance of unsymmetrically supported sections 


with inclined web steel can be closely approximated by multiplying Eqs. . 


1% fay | ; 
hes) ‘ond (G19) by 3G : 


For convenience, the preceding expressions for the pure shear 
resistance of beams with various support conateions are summarized in Fig. 
8-2(a). . 

8.2.5 Stiffness, The stiffness factors for beams with various 
end supports are given-in Fig. 8-1. For beams and slabs which have 
idealized bilinear resistance~deflection relationships, the stiffness factors 
are determined directly from the common elastic deflection formulas. When 
the resistance-deflection relationship Is approximately trilinear In shape, 
(as for a fixed-ended beam), it is replaced by an equivalent bilinear shape. 
The initial slope of this bilinear replacement system is taken so that the 
area under the resistance-displacement diagram for the replacement system 
is equal to the area under the actual system at the point of inception of 
fully plastic behavior of the beam, 

8.2.6 Natural Period. The fundamental period of vibration of 


reinforced concrete beams and one-way slabs is given theoretically by 


2jim 
Te RS L Aa (8-16) 


where Ry? which is a function of the support conditions, can be evaluated 


using expressions given in Ref. 8-2, The precision of computation implied 


in the use of Eq. (8-16) cannot usually be justified. The following 


approximate but much simpler expressions, taken from Ref, 8-2, are 


. - recommended for general use. 
2 
: ; l L 
- F S le $ GO oO To COS so Secs. 8-17 
RU A ad 42,500 (in per sec) VO. ria ( ) 
- For Fully Fixed-Fixed (?, = o.): 
Py 2 
| a eerie eee ae area ‘ secs. (8-18) 
85,000 (in per sec) a 
1 i? 
For Hinged=-Fixed: T = q secs. (8-19) 


63,800 (in per sec) Vo, 
in which L and d are taken in inches, The above expressions for the period 
of a distributed mass beam, as well as similar expressions for the period 
of a beam with the mass concentrated at the center, are summarized for 
ready reference in Fig. 8=3. 

These formulas are based upon a cracked-section analysis, and 
assume no additional mass in the vibrating system in excess of that of the 
element alone. If any soil or other mass moves with the member, the period 
as given by Eqs. (8-17), (8-18), or (8-19) must be modified to account for 


the additional mass and the increased stiffness corresponding to it. The 


The TJ) (8-20) 


where T is the period of the member slone, m and K are the mass and stiffness 


nev period is defined by 


of the member alone, and m' and K' are the mass and stiffness, respectively, 


of the entire vibrating system, At the present time little data, either 


" 


theoretical or experimental, are available on which to base estimates . . 
of the values of m' and K' that should be used for buried structural elements. = 
For a cylindrical structure in a fluid, it has been shown that the fluid 
within about one cylinder radius should be assumed to move with the vibrating — : 
cylinder. Consequently, for such a case, m! should be taken as, m, the mass 
of the cylinder, plus the mass of the fluid within one radius of the cylinder. 
Also, in such a case, since the fluid has no shear strength, Kt is equal to 
K, 
For a structure buried in soil, since no better basis is available, 
m' can be estimated on the basis of the behavior of vibrating systems in a 
fluid. Thus, for the roof or wall of. a buried structure, m' should include 
not only the mass of the structural element, but also the mass of the soil 
that vibrates with it. It is recommended that the depth of soil used in compute 
ing this added mass be taken as the average depth of soil above the element, 
but not to exceed a depth equal to the span of the element, 
Since soils, as contrasted to fluids, do possess internal shearing 
Strength, it is appropriate that an increase in stiffness of the responding 
soilestructure system, resulting from the mobilization of the shear strength 
of soil, also be considered. Thus, K' should be equal to K, the stiffness of 
the structural element alone, plus an additional stiffness produced by the 
soil, Unfortunately, at the present time, there is no basis on which to 
estimate, even with reasonable confidence, the magnitude of tris ‘increase 
in stiffness. 
Two recent studies (Refs, 8-32 and 8-33), though ree crude, ‘ 


indicate that for buried arches, the increase in resistance, as earth cover 


ae 
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is increased, is of approximately the same relative magnitude as the 
increase in mass of the responding systems, Consequently, it is suggested 
that, until additional studies and tests make possible the development of 
a more rational procedure, the period of a buried structural element be 
taken the same as the period of the same element above ground; this will 

é usually be conservative, from a design point of view. In any given case, 
however, the designer should modify this suggested procedure as may be 
appropriate in special cases where m' and K' can be estimated with reasonable 
confidence, For example, if the soil surrounding the structure possesses 
little or ao shearing strength, it is obviously appropriate that the mass, 
m', of the system include the soil, while the resistance of the system 


should include only the resistance of the structural element. 


8.3 TwO-wAY SLABS 
8.3.1 Flexural Strength. Tests have verified that the yidiacitns 
theory predicts the static ultimate flexural load capacity with reasonable 
accuracy, Furthermore, according to Hognestad (Ref, 8-4), it is always on 
the conservative side, the calculated ultimate load being 80 to 90 percent 
of the actual ultimate load, It is thought that this results from strain 
hardening of the reinforcement together with memorane action of the slab 
when the slab has relatively large deflections near failure, No attempt is 
-made to refine this conservatism, 
Except for the case of a square slab with equal reinforcement in 


both directions, the critical set of yield lines can be located only by 
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trial and error, Thus, to be directly useful in design, some approximations 
are necessary. For rectangular slabs of reasonable relative dimensions and 
steel percentages, the critical yield line pattern will not differ markedly 
from that indicated in Fig, 8-4. For the indicated set of yield lines, the 
yield resistance, expressed as a dnidernly distributed load, can be computed 
for segments A and B (Fig. 8-4) by spernng the conditions of equilibrium . 
to each segment independently, On this basis, the yield resistance of 


segment A is 


2 
d \“. . 
Gq = 0.216 (0 + 9.) ee T) (8-21a) 
and that of segment B is 
= 0.216 (@ io yee). (dy (8-21b) 
5 ala se "sc? ‘3-207 Sdy ‘Le 


where @ is the ratio of the short span to the jong span and the subscripts 
on the Q's indicate the nésteion and direction of the reinforcement. (For 
example, ar is the average percentage of negative moment steel perpendicular 
to the long edge of the slab). 

If the assumed yield lines are in fact the correct ones, qa and qp? 
as determined from Eas, (8-2la) and (8-2lb) respectively, will be equal. 
That this situation should exist would be largely a matter of coincidence 
since, for a fixed value of &, equality of Ga and 8 implies also a definite 
relationship between the ste} percentagesin the two directions, Even though 


Ga and qp? when evaluated from the given equations, are not equal, an 
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estimate of the tlexural yield resistance of the slab can be obtained 
as an average of GA and Gp? weighed on the basis of the areas of the two 


segments. The resulting yield resistance 1s given by Eq. (8-22). 


DD +” 2 
Le Lc 2-2 d 7 
) + 3-20 Fay TC) PS! (8-22) 
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Results of this approach may in some instances overestimate the resistance 
of the slab, but generally not in amounts sufficient to warrant redesign by 
@ more refined application of the yield line theory (Ref. 8-4 and 8-5). 
Edge panels, however, or other cases where unsymmetrica! support conditions 
exist, should be checked for adequacy. If Eq. (8-22) is compared with —q. 
(8-5), it is seen that the former can be written as some constant (for any 
particular slab geometry and reinforcement placement), 9, times Eq. (8-5), 


where the constant 2 is 


oP. + 
_ 1 3 Le Le 
ae a iy ara wr ta e a ) (8-23) 


This constant 2 is thus a conversion factor which relates the resistance of a 
two-way slab numerically to that of a oneeway slab spanning the short 
dimension of the two-way slab. Recognizing this fact, the maximum pressure 
that a two-way slab can resist is that of a one-way slab (with span and 
reinforcement corresponding to the short dimension of the two-way slab) times 


the conversion factor Q, 
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8.3.2 Shear Strength. The-shear and diagonal tension resistance 
of a two-way slab is taken as (2/3)(1 +a) times that for a one-way slab 
spanning in the short direction when & is greater than 1/2 and the same as 
the one-way slab when & is less than 1/2, 

8.3.3 Supporting Beams, The beams supporting a two-way slab must 
be designed for flexure to be consistent with the actual load distribution 
on’ the beam, which varies as the edge shear of the supported slab. Thus, 
for a square slab, the flexural yield resistance of the supporting beams, 
with symmetrical Support restraints, can be determined on the basis of a 
triangular distribution of load, the maximum intensity of which exists at 


the center of the beam. For this case, 


2 
d : 
dp = 0.108 (9, +O) fF () > psi (8-24) 


a 
dy G) 


where We is a uniform pressure over the surface of the slab, b is the center- 
to-center distance between adjacent slabs, a e the beam width, d fs the 
effective depth of the beam, L is the le.rgth of the beam, and 9. and 2 
are the beam steel percentages at the end and center, respectively. 

For the beam under the long side of a two-way slab, the. loading 


may be assumed trapezoidal, which leads to 


2 | 
a = 0.072 (0, +9) Fy, (GEE) (——~3). psi (8-25) 
1 - (2) 


where the terms are as previously defined except that b is center-to-center 


distance between adjacent long beams. 


The resistance of a beam supporting the short side of a two-way 
slab can be determined from Eq, (8-24) if b is taken as defined for Eq. 
(8-25) . | 

The above equations apply to interior beams only. If the beams 
support only a single panel, these expressions must be modified accordingly. 

The resistance in pure shear and diagenal tension of beams support- 
. ing a dacsuay slab can be determined using the equaticns of Section 8.2.3 

and 8.2.4 by assuming the beam to be a one-way slab and taking a and q, 
as average pressures on the beam that will produce total forces on the 
beam (and, consequently, maximum shears in the beam) corresponding to the 
triangular or trapezoidal load distributions used above for flexure, 

8.3.4 Stiffness, Assuming the material to be elastic and the 
supports to be rigid, the stiffness of a two-way slab may be computed from 
the Tables of Ref, 8-6, The stiffnesses (load per unit area to produce unit 
center elastic deflection) thus computed (Ref. 8-1), for slabs with simply 


supported and with fully fixed supports, for varying Q@ = (L/ty) ratios, 


are: 
Simple Supports Fixed Supports 
a= 1.0 K = 252 —— «= 81025 — 
(tL) “Ly (Loma 
a= 0.9 = 230 " = 742," 
a = 0.8 = 212 " = 705 " 
a= 0.7 = 201 " "= 692 "8 
a = 0.6 = 197 " = 724 " 
, | a= 0.5 = 201" = 806 " 


Wy 


where be is the aetuies of elasticity of concrete and I is the average of rn 
the moments of inertia of the uncracked and transformed sections, per unit < 
of width of slab. For sJabs with either 1, 2, or 3 sides fixed, the stiffness 
may be estimated by interpolating between the values given above, or, with : 
greater precision, by use of the Tables given in Ref, 8-6, 

8.3.5 Natural Period, The classical equation for the period of 
plates simply supported on rigid beams (Ref. 8-7) is | 

tT-26,4+ 5 [4 (8-26) 


2 
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where i is number of waves in the long span direction, j is the number of 
waves in the short span direction, w is the total weight per unit of slab 
area, and D is the flexural stiffness of the slab. For the fundamental 


period, this equation may be approximated (Ref, 8-1) by 


w 
T= 5,3 | Ke? sec. (8-27) 


where K is the stiffness per unit of slab area taken from the table above, 


and W is the weight per unit of slab area, The corresponding equation for 


Ww 
T= 4,5 | Ke? sec, (8-28) 


The period of vibration of slabs with other combinations of support 


fixed supports is 


conditions may be found by procedures given in Ref, 8-8, 


oo 
‘ 

— 
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For buried slabs, the effects of the added soll mass on the period 


of the system are given by 


Tl = T | (2) Co (8-29) 


where m' and K' should be evaluated as discussed In Section 8.2.6, 


8.4 REINFORCED CONCRETE COLUMNS 


8.4.1 Axially Loaded Reinforced Concrete Columns, Under axial 


load, the limiting static strength of reinforced concrete columns is given as: 


P = 0,85 f§ A +f A (8-30) 
u cc y s 


where A. is the cross-sectional area of the concrete and A, is the total 
steel area, For a tied column, this represents the ultimate capacity, the 
resistance dropping off sharply after this load is reached. A spirally 
reinforced column, on the other hand, can undergo substantially larger 
deformations prior to losing its load carrying capacity (Ref. 8-5). The 
spiral column thus exhibits more ductile behavior than the tied column, 
Because of the strain rate influence assoclated with dynamic load- 
Ing, the strength characteristics of the steel and of the concrete should 
Increase in the amounts recommended In Chapter 6. Thus, the axial load 


capacity of a dynamically loaded column is 


t 
= a e 
ay (0.85 pn Too Fay) A. (8-31) 


where ?, ts the total percentage of reinforcing steel, and Wie and Fay are 


respectively the dynamic yield strengths of concrete and steel, 
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In view of the particularly serlous consequences of a column 
failure, when the column supports a roof subjected to blast loading, it 
Is recommended that the resistance of the column be either twice the peak 
blast pressure times the tributary roof area, or the maximum resistance of 
the supported elements, whichever Is smaller, 

If the ratio of the unsupported length of the column, L, to the 
least width of the column, t, exceeds 15, the ultimate capacity must be 


adjusted to the long column formula (Ref. Appendix of ACI Code) 


L 
PLP (1.6 ~= 0,04 a) (8-32) 


8.4.2 Combined Flexure end Axial Loads, The existence of a 
combined state of flexure and axial load is commonly met In protective con- 
struction. The behavior of a member In such a state of loading encompasses 
both those of a beam and of a column; the degree to which elther behavior 
predominates depends upon the relative magnitudes of tne two loadings and 
the sectional properties of the member, The entire range of limiting 
combinations of moment and axial load may be summarized on an interaction 
diagram (Ref, 8-5) as shown in Fig. 8-5. 

It is evident from Fig. 8-5 that, for an under-reInforced member 
which carries a small axial load, the presence of the axial load increases 
the bending capacity of the member. This Increase may be substantial. 

The Interaction diagram of Fig, 8-5 was developed for a member of 
rectangular cross section with reinforcing steel symmetrically placed In 


single rows about the bending axis. In this figure, Py is ultimate axial 
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load capacity of the member when carrying no moment (Eq. 8-31), and a 

is the ultimate moment capacity when no axial forces are present (Eq. 8-3). 
M and P, as used In the diagram, are the values of moment and thrust computed 
for a given loading condition, 

| The effects of axial compressive forces acting in combination with 
flexure on the strength of a beam=column in shear have not been well 
established. Qualitatively, axial compressive forces increase the stress 
normal to potential shear failure surfaces and, consequently, Increase the 
shear resistance; however, the nature and extent of this increase Is not 
known. Conservatively, It is recommended that the resistance In shear be 
determined without regard to the axial forces. 


8.4.3 Period... The period of vibration of a beam is Increased by 


.the presence of an axisl compressive load (Ref. 8-7). For a member under 


combined load, the flexural period is equal to that of the member without 


' axial force divided by JT- (P/P oD» where P Is the axial force present and 


uae is the Euler buckling load. 
8.5 STEEL BEAMS 

8.5.1 Introduction, In designing steel members to resist blast 
effects many of the concepts and equations developed for the plastic analysis 
of steel structures under static leads are utilized, Therefore, an understand= 
ing of the conditions and equations governing the static behavior is essential, 
A number of references (such as Ref, 8-12 and 8-13) contain discussions of 


plastic analysis and design of steel structures for static loads. 
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8.5.2 Flexural Strength. As for reinforced concrete, the : - 
dynamic flexural capacity of a steel beam section is reiateca to its static * 
flexural capacity by the ratio of the dynamic to the static yield stresses 
of the material, Thus, the dynamic moment resisting capacity of a steel S 


section is given by 
Mef.z j . Ps (8-33) 


MIEKE ee is the dynamic yield strength for the steel in question and Z is 
the plastic section modulus. For standard I-sections, the plastic section 
modulus is approximately 1.15 times the elastic section modulus, The 
useable load capacity or resistance of a beam is found by substituting the 
moment capacity as given by Eq. (8-33) into the appropriate limit analysis 
fctnisie, For beams with various support conditions, loaded eitner by a 
uniform load over the entire span or by a concentrated load at midspan, 
the resulting expressions for yield resistance are as given in Fig, 8-6, 

8.5.3 Shear Strength. Shear is of interest primarily because of ; 
its possible influence on the plastic moment capacity of a steel- member, 
At continuous supports, where combined bending and shear exist, the assumption 
of an ideal elasto-plastic stress-strain relationship indicates that during 
the progressive formation of a plastic hinge there is a shrinkage of the 
web area available for shear, This reduced area might then result in the 
initiation of shear yielding and thus reduce the moment capacity. However, 
since '"I' sections carry moment predominately through the flanges and cheat 
through the web, and furthermore, because combinations of high shear and . 


high moment generally occur at points where the moment gradient is steep, 
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it has been found experimentally that the member will achieve its fully 
plastic moment capacity if the average shear stress over the full web area 
is less than the yield stress in shear (Ref. 8-14), 

The yield capacity of an '"I-shaped"™' steel beam in shear is given 


by: 


Ve vA, lbs. (8-34) 


where V is the ultimate shear capacity, Vey is the dynamic shear yield 
strength of the steel in psi (see section 6.2.2), and A, is the area of 
the web in sq, in.. For several particular load and support conditions, 
Fig, 8-7 gives the shear yield resistance of a beam in terms of the applied 
load required to produce shear yielding in the beam web, 
When a built-up section is designed with reliance being placed on 
the web to carry a significant part of the total moment requirements of the ~~~ 
section, the shear influence cannot be neglected and the member should be 
investigated for possible moment loss through shear yield, It is recommended 


that the moment capacity of such a section (Ref, 8-15) be defined by: 


2 2 [22 2 
M= bte(d + te) fy + (1/4) td [¢ dy 7 3Y (8-35) 


where b is the flange width, ty, Is the flange thickness, d is the depth of 
the web, t is the web thickness, Fyy is the dynamic tensile yield stress, 


and v is the average web shear stress, 


8.5.4 Local Buckling. To insure the ability of a steel beam to 


sustain fully plastic behavior and thus to possess the assumed ductility at 
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plastic hinge formations, it is necessary that the elements of che beam ” 
section meet minimum thickness requirements sufficient to prevent a local 
buckling failure, Based upon theoretical and experimental data which are 
summarized in Ref, 8-14, the beam section must satisfy the following thick= 
ness requirements if premature local buckling is to be prevented: 


For Flanges: flange width, b 


flange thickness, t, ~ 17 
: F . Web depth, d . 
For webs without longitudinal stiffeners: ~=> thickness, t, < 70 (8-36) 
stiffener width, b, : 
For stiffeners: < 8.5 


stiffener thickness, t. 


These thickness ratios were developed for the static load case; however, 
lacking evidence to the contrary, they are also epplied to the dynamic case, 
Since G, Haaljer and B. Thurlimann developed these relations through the 
analysis of buckling of orthotropic plates whose properties were those of 
A-7 steel stressed Into the strain hardening region, they should be adjusted 
when the material being used has characteristic values of the stress-strain 
relationship differing substantially from those of A-7 steel, Adjustments 
for other materltals can be made on the basis of the procedures used in 

Ref, 8-14, 

8.5.5 Stiffness. Stiffness factors are given in Fig, 8-6 for 
beams with various support and load conditions, The stiffnesses for the 
simply supported beems are the standard relationships given in any 
Structural text, For the restrained beams, the stiffnesses given correspond . 


to load-deflection relationships that have been idealized as bilinear 
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functions with Initial slopes so defined that the areas under the idealized 
load-deflect'on diagrams are equal to the areas under the actual diagrams 
at the point of inception of fully plastic behavior of the beam. 

8.5.6 Natural Period, The natural periods of beams with uniformly 
distributed mass and various support conditions are given in most vibration 
texts. These periods are, however, for purely elastic beams, for a 
restrained beam, stressed into the inelastic region, the load-deflection 
relationship should be idealized as a bilinear system as described above, 
and the period of the beam should be adjusted to agree with the idealized 
resistance function. Beam periods adjusted accordingly are given in Fig. 
8-8. This figure includes periods for various load and suppert conditions. 
It should be noted that the beam periods are given in terms of the total 


supported weight. Therefore, for beams in an underground structure, the 


_ 


effects of soil cover should be included as discussed in Sect. 8.2.6 for 


reinforced concrete beams and slabs. 


8.6 STEEL COLUMNS 

8.6.1 Axially Loaded Columns. Columns designed for structures 
which must resist the blast effects of nuclear weapons usually have 
sufficiently small slenderness ratios that the buckling occurs plastically 
rather than elastically, Recent studies (Lehigh University) have indicated 
that residual stresses have a prominent influence on the ultimate load 
capacity of steel columns (Refs, 8-12 and 8-16), It has been found for 


rolled wide-flange sections that, because of the typical pattern of 
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residual stresses, the reduction in capacity is more sharply felt about 
the weak axis than about the strong axis. Formulas for the capacity of 
axially loaded columns for the static case are given in Ref, 8-12 for 
buckling about both the weak and the strong axes, 

Bavause dynamic application of loads tends to suppress the 
occurrence of buckling, it is conservative to adapt the static formulas 
to the dynamic case by replacing the static yield stress by its comparable 
dynamic value, Thus the buckling stress of dvianVealty loaded column 


sections of A~7 steel can be taken as: 


f., = 42,000 - 1.44 &) » psi (strong axis) 
9 
(8-37) 
fo, = 42,000 - 155 &), psi (weak axis) 


g 


where L is the column length: ue is the radius of gyration and @ is the 
effective length factor (Ref. 8-17). These relationships are summarized for 
several comnon end support eaeaievens in Figz 8-9, 

For other materials having stress-strain relationships similar to 
that of A-7 steel, the critical buckling stresses may be found by referring 


to the basic relations given in Ref, 8-12, using the dynamic yield stress 


instead of the static value, 


8.6.2 Local Buckling. To avoid the possibility of local buckling, . 


and insure that a column has the ability to sustain loads at ultimate 


capacity, the section should be proportioned to meet the following thickness 


ratios: 


flanve width b 
flange thickness * t 


(3-38) 


le j 
2 colian depth es < 43 
web thickness t 


‘ 8.7 CIRCULAR ARCHES 

8.7.1 Introduction. For the design of arch structures, two 
components of loading, and corresponding response, should be considered, 
The first component is a uniform radial load which produces a vibration mode 
identified by uniform radial motions, This mode, designa:ed as the uniform 
compression mode, is the only mode considered in the case of fully-buried 
underground arches, The second loading component is unsymmetrical, con- 
sisting of a uniform radial load inward on one-half the arch and outward on 
the other half. The vibration mode corresponding to this component of load 
is the first unsymmetrical mode. This mode produces primarily flexural 
stresses in bie arch. For arches which do not meet the fully buried criterion, 
this mode must be ccnsidered to occur in combination with the uniform 
compression mode, A more complete description of these recommended loadings 
is presented in Chapter 5, 

The nomenclature used in the following discussion of arch 
properties is shown in Fig, 810. 

8.7.2 Natural Period, 

(a) Uniform Compression Mode, The natural period of 

vibration of this mode is approximated for design by that of the pure 


radial vibration of a complete ring. In Ref. 8-7 the formula for this pure 
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compression period is given as 


= | m1 Be 
T= 2nr | Za sec. (8-39) 


where A is the cross-sectional area of the arch, m is the mass per unit of 
arch length, r is the radius of the arch, and E is the modulus of elasticity. 


For convenience, this expression can be converted into the form 
T. = axr/c (8-40) 


where c is the velocity of sound in the material of which the arch is made, 
For reinforced concrete arches, therefore, the period may be approximated 


(Ref. 8-2) by the following simplified formula, 


: | . 
Te. * Teo (seconds) (8-41) 
where r is the radius of the arch in feet. 


This approach neglects the effect of eny restraint at the boundary. 
Thus, both fixed and hinged arches are Sonetaared to have the same period. 
The inclusion of some support résteaiie would induce a flexural mode super- 
imposed upon that of the uniform radial motion, However, discrepancies 
resulting from neglect of the support restraint are not considered to be 
significant. In addition, for fully buried arches, the superimposed flexural 
motions are inhibited by the presence of the soil. 

Equation (8-41) should not be applied to arches having central 
angles of less than 90°, For such cases, even for buried arches, flexural 


behavior is the dominant factor and should control the design. 
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(b) Flexural Mode, When the arch vibrates in this mode, 
the stresses within the arch are predominately of a flexural nature. The 
period of this mode Is therefore approximated by that of a substitute 
straight beam whose span is equal to one-half the developed arc length of 
the arch. The support conditions for this substitute beam are: at one end, 
the same as that existing on the original arch; and at the other end, hinged. 
Thus, for a hinged arch, the substitute is a simply supported beam, The 
cross-sectional sropereles of the beam are taken to be those of the arch. 

For a constant section, the flexural perlod of the substitute straight beam 


iss 


(8-42) 


where L = rB, m is the mass per unit of arch length, and I is the moment of 
inertia of the section. For an arch, this period must be corrected for the 
effect of curvature by multiplying by a correction factor ¥ (Ref. 8-9). 


This factor, given by 


2 
w= ee ot) (8-43) 


n= 1 


where ne 5 » is obtained from the ratio of the period of the first 
antisymmetrical mode of the unloaded arch to the first mode of the substitute 
straight beam. The factor, ¥, is taken at full value when earth cover over 
the arch is zero. However, the arch action upon which this factor is based 
can not be developed unless the crown of the arch is allowed to displace 


laterally, Therefore, for a buried arch, ¥, as given by Equation (8-43), 
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must be modified to account for restraint offered by the soil. Reference 

8-1 recommends the following modification: (1) When the earth cover over 
‘the crown is zero, use ¥ as given by Equation (8-43), (2) when the earth | 
cover at the crown is greater than 0.1 times the arch span, the factor, ¥, 
may be reduced to 1.0, (3) Between these two limits of earth cover, a 

linear interpolation should be used, Thus, for an arch pinned at the spring- 


ing line, the flexural period is given by Equation (8-44), which can be used 


directly for steel arches. 


2 
T, = aur) | eS iv), sec. - (8-44) 


For reinforced concrete arches, the flexural perlod formula can be 
simplified, as was the pure compression period, by use of the velocity of 
sound in concrete, Simplified in this manner, Ref, 8-2 recommends the follow- 
ing form, | 
Z i* 
~ 42,500 dV@ 


Tr W, sec, (8-45) 


where L, the arch span, and d, the effective depth, are in inches, and @ is 
the percentage of circumferential steel on one face of the arch, 

For a fixed arch, the substitute beam is fixed at one end and 
simply-supported at the other end. The period for such a beam is 0.64 times 
that of a simply supported beam of the same span and cross-section. The 
correction factor for arch action is, for the fixed ended case, 


n@ + 1,0 


a 
n® - 0.5 


(8-46) 


where n = n/B. As for the simply supported case, this factor must be varied 
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according to the earth cover over the crown, 
(c) Soil Mass Effect. The periods as determined above 
. are those for the bare structural elements. If the arch has any soil 
- cover, the influence of the additional mass and stiffness on the period 
must be considered. As for beams and slabs, the adjusted period, T', is 


given by: 


Pim! K 
ae wr. 


T= T I( (8-47) 


The discussion of Sect. 8.2.6 relative to the evaluation of m' and K! for 
buried beams and slabs is equally applicable to arches. 
8.7.3 Resistance. 
(a) Uniform Compression Mode, In this mode, the effect 
of radial distortions on the reactions is assumed to be small; therefore, 
the stresses in the arch she ceneidered to be only those produced by the 


axial thrust. The thrust which must be sustained by the arch is given by 
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the heop stress equation for a circular ring. Therefore, the ultimate thrust 


capacity, per unit length of arch, is given by 


Pa = er A, lbs. per in. (8-48) 


where Toe is the usable compressive stress capacity of the material composing 
the arch and A is effective cross sectional area per unit of arch length. 


For reinforced concrete arches, this is equivalent to 


eg (0.85 fic + 9-009 o, Fay? D, lbs. per in, (8-49) 
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where o, is the total percentage of circumferential steel and D is the 
thickness of the arch, in inches. Thus, the resistance of the arch, 


expressed in terms of a uniform radial pressure, is 


f A 
¢C 


» psi : (8-50) 


where Fay is the dynamic yleld stress of steel in psi, and A end r are in 


inches, 


For reinforced concrete arches of uniform thickness, Eq. (8-50) 


is equivalent to 


= § ) on 
G * (0.85 Fic + 0.069 ? Fay) =» psi (8-52) 


where Fay and Fac are the dynamic yield strengths of steel and concrete in 
psi, ?, Is the total steel percentage, D is the total arch thickness in 
inches, and r is the arch radius in inches. 

| (b) Flexural Mode; The criterion governing the adequacy 
of an arch in its flexural mode is the ultimate moment resisting capacity, 
Mo of its cross-section, For a hinged arch, the applied moment is the 
simple beam moment of the substitute beam defined earlier, corrected to take 
account of curvature of the arch. Thus, expressed in terms of applied radial 


pressure, the yield resistance in flexure of a hinged arch is 


a = oS GQ-=4) (8-53) 
(er)? a? . 


of constant thickness, the resistance is more conveniently expressed as 


where n= n/B, and consistent units are used. This equation will give the 


yield resistance of a steel arch directly. For a reinforced concrete arch 
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2 

ny d l 

= 0,072 -_—_ Z 
qe 0.0 os Py (er) (1 ) (8-54) 


where d = depth to the tension steel, and-consistent units are used. 

For an arch with fixed supports, the substitute beam to be analyzed 
is simply supported at the point corresponding to the crown and fixed at the 
abutment. The limiting capacity of this beam occurs when plastic hinges 
have formed both at the fixed support and at a point between the crown and 
the abutment. The uniform intensity of pressure required to produce this 


condition, including a correction for curvature, is 


: | 
ag = WL? Py 1 - 228) (8-55) 
Br) 


This equation is again directly applicable to steel sections. For reinforced 


concrete, the equation is conveniently rewritten as 


= ’ 
q¢ 0.036 (2 + @') e f 


2 : 
(S) 1-28) (8-56) 


dy 


where @' is the ratio of the negative steel percentage at the support to 
the positive moment steel near the haunch, 

(c) Combined Loading. When the depth of burial of the arch 
is less than that required for full burial, the arch must be designed for the 


effects of both the above modes simultaneously. For purposes of design, a 
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reasonable estimate of the combined effect of the two load components can 
be made as described below. Under combined flexure and direct compression, 
a steel arch section can be designed as a beam column, the governing equation 


for which is 


Me 

wg Be a: : 
Tape Gg te neo (8-57) 
p u f cr 


where a and P are the ultimate values of moment and thrust acting in combina- 
tion, qiis the resistance (in Geeing of uniform pressure) under combined direct 
comp tede lon and flexure, and the other terms are as areviously defined. For 
reinforced concrete, the interaction diagram given in Fig. 8-5 can be used 
to determine the resistance under combined loading. 

8.7.4 Buckling. Even though an arch has been proportioned, on 
the basis of yield stress and permissible inelastic deformation, to with- 
stand a given level of applied pressure, it is still necessary that con- 
sideration be given to the possibility of a premature buckling failure, For 
a bare arch, the determination of the critical buckling pressure is reasonably 
Straightforward, at least for static loads, In the absence of information 
related specifically to dynamic buckling loeds for arches, the criterion 
for the static case can be applied also to the dynamic case; such a procedure 
is conservative. 

For earth-covered arches, the effect of the restraint offered by 
the surrounding soil on the critical buckling pressure of an arch is not 
well defined. Qualitatively, it is clear that soil restraint increases the 


buckling resistance; however, no rational basis has been developed on which 
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to estimate this Increase. The recommendations presented below are 
believed to be conservative. 


For a hinged arch having an average depth of earth cover equal 


to or greater than 0.25 times the span, the stability criterion is satisfied. 


If the unlform radial pressure Is less than the static critical buckling 


pressure given by the formula (Ref, 8-11) 


2 EI | | 
Ger = (n x 1) 3 (8-58) 
where n = x/B. 
To avoid the possibility of premature buckling fallures, the 


buckling pressure should be at least as large as the ultimate capacity of 


the section. Thus, for a 180° arch, the proportions needed to prevent buckling 


may be stated as follows: 


For concrete arch: Le 0.001 f! 
r dc | 
- (8-59) 
F 1 arch: 1 2 0.00011 Foy ap? 


These expressions might at first appear unreasonable in that they seem to 
Indicate an Increased buckl Ing resistance with Increased material strength; 
however, this Is not the case. Instead, they indicate that as the ultimate 
strength of the section Is Increased, the parameter D0/r or I must also be 
Increased to prevent buckling befor. the capacity Is reached. 

For an above-ground arch, It is recommended that the critical 


buckling pressure be taken no greater than about 2/3 of that given by 
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Equation (8-58), The critical pressure for arches with a depth of cover 
intermediate between full burial and the above-ground positions can be 
estimated by assuming a linear variation in critical pressure between these 
two conditions. For depths greater than that required for full burial, 
buckling of the arch need not be considered, 
| The critical buckling pressure for a fixed arch is approximated 

as (2 + l/n) times the critical pressure for the corresponding hinged arch 
(Ref. 8-10). 

8.7.5 Ductility Factor, In the uniform compression mode the 
entire arch section is considered to be under a uniform stress intensity 
equal to the thrust divided by the area. “Thus, tn a reinforced concrete 
arch, the stresses approach the ultimate capacity of the concrete; the 
probability of failure over. large areas of the arch is high. Therefore, it 
is necessary that a low ductility factor be used in design; p-values 
between 1.3 ard 1.5 are reasonable, 

There are several aspects of the behavior of a concrete arch as 
it approaches its ultimate capacity which tend to add some ductility to the 
structure, First, concrete is not linearly elastic up to its maximum stress 
intensity but rather takes on increasingly larger deformation increments as 
the stresses approach the maximum, Also, once the maximum stress is reached, 
the resistance does not immediately drop to zero but decays on a finite 


slope. Finally, if end walls are used to close an arch area, some shell 


behavior will be induced. 


8.8 DOMES 

8.8.1 Introduction. As in the design of arches, two components 
of loading and their associated response modes must be considered in the 
design of a dome to resist blast effects, The prominence of either component 
depends upon ieee tion of the dome relative to the ground surface. For 
a fatliycburted dome, the loading tends to be of a more symmetrical nature 
and as such produces predominately compressive stresses within the dome, 

On the other hand, when the dome is on the ground surface, the reflection 
and drag phases of the loading pulse generate more of an unsymmetrical 
loading. This latter case, for convenience of identification, is referred 
to as the flexural mode, even though the stresses produced by it are 
primarily membrane stresses, 

These two loading cases have different optimum opening angles for 
the shell, For above-ground domes, it is advantageous to keep the profile 
as low as the headroom requirements will permit in order to minimize the 
reflection and drag components of the loading pulse. This has a further 
advantage in that the covering efficiency (ratio of floor area to surface 
area of the shell) increases as the opening angle of the dome decreases, 
Underground, however, unsymmetrical loading is not as severe, and the 
variation in covering efficiency is not sufficient to cutweigh the 
undesirable edge-effect forces associated with shallow angles, In the hoop 
direction these edge-effect stresses may be tensions several times as large 
as the maximum compressive stresses experienced over the major portion of 
the shell, It is therefore desirable, when underground, to use domes of as 


nearly hemispherical a shape as possible, 
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The terms used in the dome analysis are identified in Fig. 8-11, 

The membrane stress analyses presented herein are theoretical 
solutions which indicate a precision greater pains consistent with the 
certainty of the loading. The dome should be designed on the basis of the 
maximum values of stress; the variation in stress intensity over the dome, 
as given by the equations, should be considered only a rough guide. Design 
techniques are presently being studied in an effort to establish a method 
wherein ths precision of the stress calculations will be consistent with the 
other design steps, 

When the shell rebounds, tension may exist over some areas of the 
dome. Investigation of this may be treated by the method presented in. 
Appendix B. 

8,8.2 Ductility, The seleceion of a doubly-curved surface for a 
structure is based primarily on the structural efficiency of this shape; 
that is, the ability of this shape to carry load by the nearly-full utilization 
of the material throughout the surface, As a consequence, any ductility 
considered for this structure must be a property of the material rather than 
of the total structure. Since the compression stress-strain relationship 
for concrete does show a non-linear behavior for stresses near the maximum 
.and does not drop to zero immediately after the maximum is reached, a 
ductility factor on the order of 1.0 - 1.5 is reasonable for a dome, In 
steel, a larger ductility can be used but possible failure by buckling may 
be more critical, 

8.8.3 Natural Period, The natural. period of a dome, computed for 


use in design, is the period associated with uniform radial motion of the 
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shell, regardless of load intensity variations over the surface of the 
dome. 
The differential equation of the radially vibrating dome can be 


written in the Following form if only membrane forces are considered, 


wt ow = 0 
where w is the radial displacement of the dome and a? = — ft - Thus 
pr’ (1l=v) 
the period is given by: 
Fee] 42 : ML sec. (8-60) 


where r is the radius of the dome, 0 is mass per unit of volume, and v is 
Poisson's ratio, all quantities being taken in consistent units. 


For reinforced concrete, this equation can be approximated by 
: 
—=-~ sec. (8-61) 


where r is the radius of the dome in feet. In the case of a buried structure 
the period computed by either of the above formulas should be adjusted for the 
additional mass and resistance of the soil by the same methods recommended 
for similar modification of the periods for beams, slabs, and arches. The 
same period should be used for both the flexural and compression modes 
since in both modes the predominate behavior is membrane action. 

8.8.4 Comoression Mode. The loading associated with this mode is 
a uniform radial load which is discussed in Chapter S and shown in Fig. 


S-1Nb). If the dome is assumed to deflect into a shape consistent with a 
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membrane stress state, a state of uniform compression exists everywhere 


within the dome. These compression forces per unit width are 


Pir 
Tete (8-62) 


where Po is any uniform radial pressure. 


The yield resistance of the dome, for. uniform radial pressure, 


is given by 


% = (1.7 ft + 0.018 . Fay) 2 (8-63) 
As mentioned above, the membrane stresses are contingent upon the shell's 
ability to deform into the proper shape and the support's ability to sustain 
the proper reactions. For an opening angle in the dome of less than 180°, 
it may be quite difficult to support the horizontal component of the Ty 
force at the reaction, If the edge of the dome is free to move horizontally 
rather severe hoop censjonewi ll develop, In such a case, a footing can 
be tied to the dome in such a way that the footing acts as a ring girder 
for the dome. The stresses induced in the dome by the influence of the 
ring girder may be studied by means of Figs. 8-12, 8-13 or 8-14, These 
figures, taken from Ref, 8-18, are based upon an approximate elastic 


analysis similar to that given in Chapter 16 of Ref. 8-19, Since these 


figures are based upon a truly elastic material, it is expected that they 


‘will overestimate the edge influence when applied to a concrete shell with 


the high design stresses associated with protective construction, In 


addition, when using the charts in design, it should be kept in mind that 
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they are based upon a "thin'' shell theory which may become somewhat 
inaccurate when applied to shells with a radius to thickness ratio 

- significantly smaller than about 20. Unfortunately no adequate "thick"! 

“ shell theory has been advanced to the state where it is amenable to design. 
An alternate solution to develop the proper reaction is to use a bell shaped 

: footing axially oriented with respect to the T, force. In this case the 


¥ 
major movement of the dome Is radial and the hoop force remains compressive, 


Even If the bell shaped footing is employed, a nominal amount of steel 
should be placed to account for possible tensile Tp hoop forces and also 
nominal steel should be placed for possible moment along the meridian, Hy 
8.8.5 Flexural Mode, The drag and reflection phases of the 


blast wave generate an unsymmetrical loading on the dome, For design purposes 


this loading may be approximated as a radial force varying sinusoidally, 


ersten enn mang tee atte remnant AP cet et eee 


in both longitudinal and circumferentiai directions, as shown in Fig. 8-11(c). 
These pressures are discussed in Chapter 5. 

At any point, the intensity of the sinusoidal load is given as Py 
sin (B = ¥) cos 6; and the corresponding membrane forces per unit width are 


given by: 


Por 
T,=- + [2 + cos e-v| cot (B-y) tan” &» cos @ 


v 
Pir cannes) 
ee ee coe ee (B-y¥) + 2 cost (B-¥) 2. cos 8 (8-64) 
6 3 os sin (B=) 


Pir tan? EY) 
Toy= ta [2 + cos e-¥) | Sin (-v) sin @ 
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In these equations, Py should be taken as the maximum value of Pe 
(See Sect. 5.2.5) divided by sin B. For domes with central angles of less 
than 180°, this results in a small departure from the pure half sine wave 
of load along a meridian recommended in Sect. 5.2.5; however, considering 
the approximate nature of the load recommendations, the resulting error is 
not of particular importance, 

As in the uniform compression mode, the existence of the forces 
given by Eq. (8-64) assumes that the dome can take a shape consistent with 
them, In other words, it is assumed that the support conditions are such 
as to permit edge deformations consistent with the stresses given by the 
above equations at the edge. 

Even with the rather simple loading chosen to approximate the real 
unsymmetrical loading component, the computation of the boundary influences 
is quite lengthy (Ref. 8-23 through 8-27), T. Van Langendonck suggests in 
Ref, (8-26) a procedure whereby these corrective edge forces may be computed, 
This development is based on the technique of superposing on the membrane 
stresses and displacements additional stresses and displacements of such a 
magnitude as to fit the edge of the dome to the actual support conditions. 

According to Van Langendonck, the membrane displacements due to the 


unsymmetrical load are: 


P ce 
ue ees (1 + v) log 41 + cos (Be¥)} - 1 - ! sin @ 
3E0 a Cali T+ cos (6-¥ 
Pye l 
Y= 3B (1 + v) | - cos (B-¥) log {i + cos (o-w} + 1+ Te cos (eee) | cos @ 
pir : os (8-65) 
weap (1 + vy) sin (B-¥) log fi + cos o-w} + 77a sin (B-v) + 


fy - cos (e-¥) cot ev) | cos @ 
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where ‘u = tangential displacement of a point in the circumferential direction 
v = tangential displacement of a point along the meridian 
w = radial displacement 
D = thickness of the dome 


v = Poisson's Ratio 


. Having established the membrane displacements, corrective boundary 
forces are applied at the edge of the dome to return it to its proper position, 
The corrective edge displacements and forces may be approximated by combinations 


of functions of the type: 


O_ = e™ cos ay 
Pe = Popes! sin ay 
where 
Bien hh 
2 2 2 — 
af 1s ise) = af § (8-66) 
D’/12r 


In such cases, all displacements and stresses associated with the 


boundary disturbances can be represented by the function 
lk. % F Ks °, | F(@) 


where ke and Re are constants which have the values given in Table 8-1. This 
table is a slightly modified form of the one given in Ref, (8-26). 
Along the suge of the dome there are four possible force boundary 


conditions, four possible displacement boundary conditions, or combinations 
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of these, with the loading Sonstdered; however, the Four force boundary 7 
conditions are not independent and can be reduced to 2 by making use of the = 
equilibrium relations that require the horizontal resistance along the 

support circle to balance the horizontal thrust of the loading, and the : 
moment, about a diameter, of the applied loading to balance that of the 

boundary forces. In the displacement boundary conditions, a corresponding 

reduction is ich levee: Sy eliminating the rigid body movements. Thus, 

Van Langendonck was able to represent the force boundary conditions simply 

by: 


M | 
Ero = ~ &,8) ~ &,82 (8-67) 


r 
= .¥9 _ G2 cot B 
Ep rere sins * 


(o4 
17 Sin B *2 (8-68) 


HU 
ED 
where H Is the horizontal component of the boundary reactions, and the zero 


subscript on ty designates the membrane solution. The corresponding displace- 


ment boundary conditions are: 


No : oe 2 | 
Peat, ears a ad 2a" ky + 20" ky (a - cos B) (8-69) 


oc = Fo * Yo ~ k, (1 + v)(@ cos B - re) +k, | 20* sin'B - 
r 1 2 sin 6 2 
(8-70 
a (1 + v) cos e| 
where x Is the change of slope at a point on a meridian, 4 the vertical : 


displacement and € the horizontal displacement, 


8-44 


Thus employing the above force, displacement, or proper combination 


of force and displacement relations in the boundary condition equation 


establishes a set of simultaneous equations which can be solved for ky and kos 


ke and ke can then be computed. With the previous table, all the internal 
forces in the dome are then determined. 


As was true of the treatment for the uniform boundary influence, 


elastic thin shell theory underlies the method presented for the unsymmetrical 


component of loading, Consequently it becomes subject to question when the 
shell has a radius to thickness ratio smaller than 20, Also the analysis 
shows the boundary influence to be quite local in nature, damping out at 
about 5 to 10 degrees away from the boundary, The distance from the edge 
at which the effect becomes unimportant increases as the radius to thickness 
ratio decreases, If tha done is tiled to the foundation in such a manner 
that the footing acts as a ring girder to the dome, the equality of the 
displacements of the dome and the footing establishes the boundary influence 
upon the dome, Since the analysis of the displacements of the dome neglects 
its rigid body motion, the analysis of the footing should also neglect the 
rigid body components of the footing displacement. | 
8.8.6 Buckling. A static critical uniform radial pressure on a 


spherical dome as given in Ref, 8-11 is 


1.2 E 0° 
oe (8-71) 


. cr 
v r 


As in the case of arches, the static equation is applied directly to the. 


dynamic case, 
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Experimentally determined critical pressures for thin shells > 
deviate considerably from the classical elastic value given by £q. (8-71). x 


The two principal reasons claimed for these differences are that small 


' deflection theory, although adequate for the computation of the buckling ° 


loads for plates and bars, breaks down when applied to shells, and that the 
initial imperfections in shape have a rather pronounced influence on 
reducing the critical load, For concrete shells, creep must also be con- 
sidered. Because of these factors, the present thinking of shell roof 
designers is that actual buckling loads are about 1/2 to 1/3 those given 

by Eq. (8-71). However, since relatively thick shells which ayers low 
dead load to design load ratio are generally the type found in protective 
construction, reductions in the critical pressure/not expected to be as 
severe, 

For a fully-buried dome, the critical buckling pressure can be 
taken as that given by Eq. (8-71), and for an Sheveceraund dome, the buckling 
Pressure is considered to be only 2/3 of that value. For intermediate 
depths, interpolate linearly between these two limits. When the depth of 
burial is greater than that necessary to constitute the fully~buried case, 


the possibility of buckling need not be investigated. 


8.9 SILOS AND TUNNELS 


The resistance capacities, periods, etc, of cylinders can be computed 


as for an arch with a central] angle of 180°, 


8.10 FOOTINGS 
8,10,] Flexural Resistance, The flexural capacity of a square 
reinforced concrete footing may be computed using the usual cantilever 
moment. Thus, for isolated square footings, the resistance is 
4 d i 
. ) 


Gp = 0.072 9 Fy ( 


: eae (8-72) 


where d is the depth to the tension steel, a is the width of the column or 
base plate, and l is the plan dimension, Clearly d, L, and a must be in 
the same length units, Likewlse, the resistance for a wall footing is 


2 
d) 


Gp = 0,018 9 Fay G 


(8-73) 


“where £ is the projection of the footing outside the wall, 
8,10,2 Shear. At present it is impossible to compute the shear- 
ing resistance of a square or rectangular footing on the basis of a rational 
theory; consequently, an alternate approach making use of an empirical equation 
must be relied upon. The ultimate resistance of an isolated footing is taken 


as the value proposed by Hognestad in Ref. 8+34; 


Le z = 0,035 +422 40,07 =f | (8-74) 
Wy ° 3.5 ad f ‘ f! wg 
de dc v 


Stnce It Is desirable to have the sheartng strength equal to the flexural 


strength, the above equation can be rewrltten as 


= ’ 
Rae q, = 0.105 fh. + 130 (8-75) 
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Since the wall footing is a cantilever slab, the diagonal tension 7: 
equation (Eq. 8-6) of Section 8.2.3 is assumed to be applicable even though : 


this is an extension beyond the empirical basis on which It was developed, 


Applied to a wall footing, the diagonal tension resistance can be approximated ; 
as: 
ns d 2 
: ec i] -— a 
q, = 25 JFL ® ¢ (8 1) 
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Where: 
Oo = Percentage Of Tensile Steel At The Support Section. 
b = Width Of Contributory Load Area; a= Beam Width. 
Po = Percentage Of Tensile Steel At Midspan. 
E, = 1000 f§ From ACI 318-56 
. _ btkd®) nbdd® ve 
I = 3 +7697 100 (1-k') 
a Ey : 30,000 
E, fe 
VALUES OF k' 
b f,=3000 ~~ f,= 5000 
0.5 0.27 0.22 
1.0 0.36 0.29 
1.5 0.42 0.34 


FIG. 8-1! FLEXURAL CAPACITY AND STIFFNESS OF 


REINFORCED CONCRETE BEAMS. 
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Member. Period 


T = Period, sec. 

tL = Span, in. 

d = Depth To Steel, in. 

Wo = Total Weight Concentrated At Midspan, Ibs 

NOTE: me 
For Underground Structures Increase Period By [i 
(See Section 8.2.6) o 
I Computed From Transformed Section. 
FIG. 8-3 NATURAL PERIOD OF VIBRATION FOR | : 


REINFORCED CONCRETE BEAMS 


Lines Of Cracking 


FIG. 8-4 ASSUMED CRACK PATTERN FOR TWO-WAY SLABS 
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_FIG. 8-6 FLEXURAL CAPACITY AND STIFFNESS 
OF STEEL BEAMS. 
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Member Shear Capacity 


Where: 


b = Width Of Loaded Area. 
V = Total Shear Resistance Of Beam. 


FIG. 8-7 SHEAR CAPACITY OF STEEL BEAMS. 
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Where: 
T= Period, sec. 
W= Supported Weight (Including Beam) Per Unit Length. 
W= Total Weight Concentrated At Midspan, 
E=Wiodulus Of Elasticity. 
I= Moment Of Inertia. 
g = Gravitational Constant. 
FIG. 8-8 NATURAL PERIOD OF VIBRATION 
FOR STEEL BEAMS. 
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CRITICAL STRESS 


% L ‘9 
42,000 — 0.61 (--) 


42,000 — 0.92(4-/° 


42,000 - 2.07(4-)" 


= 42,000 -1.44(L/ 


2 L_? 
for = 42,000 — 6.35(-2) 


: L? 
fop = 42,000 — 5.76(-=) 


Where: 
for = Critical Buckling Stress Of The Column. 
L = Column Height. 


Radius Of Gyration Of Column Section. 
Local Buckling, 

flange width b 
flange Thickness’ t¢ 


t 
column depth — a < 43 
.web thickness 


Weak Axis 


f, = 42,000 -100(4-, 


2 ed ira . 
f,p = 42,000—124(--) 


= —196(& 
fy = 42,000—186(>) 


: L 
for = 42,000—155 (=) 


- L 
for = 42,000— 326(=-) 


z — 310(-& 
fo, = 42,000— 310->) 


FIG. 8-9 BUCKLING STRESSES FOR AXIALLY LOADED 
- AM -7 OR A- -36 STEEL COLUMNS. 
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FIG. 8-10 ARCH NOTATION USED IN ANALYSIS. 
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(a) Dome Notation 


Po (t) 


(b) Uniform Radial Component. (For Variation With Time See 
Fig. 5~6(a) For Arch.) 
Note: 
Ps(t) Varies Sinusoidally With 
Latitude From Maximum At 
¥=O To Zero At W=B; It Also 
Varies Sinusoidally With Long- 
pe {t) itude From Maximum At @=0 
f To Zero At @=902 


P+ (¢. ' 


(c) Flexural Component.( For Variation With Time See 
Figs. 5-6 (b and C) For Arch.) 


FIG. 8B—1T1 A BLAST LOADING ON AN ABOVE-GROUND..DOME. . - 
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CHAPTER 9. DESIGN AND PROPORTIONING OF STRUCTURAL ELEMENTS 


9.1 INTRODUCTION 
In this chapter methods are presented for the deslian of the struc- 
ture based upon the loadings of Chapter 5, dynamic properties of the material 


from Chapter 6 and the resistance capacities, periods etc. of the structural 


sections as given in Chapter 8, For a preliminary design It Is suggested that 


the structure be designed to have a static resistance equal to the peak 
force applied by the blast. Because the duration of the loading Is generally 
long compared with the period of vibration of the structure end the ductllity 
factor Is usually at least 3.0, revisions of thls preliminary design will 
usually be found to be quite minor. | 

In some instances, where the loading lasts for a short time com- 
pared with the period of vibration of the structure, this procedure will 
result in an overly conservative structure. For cases where It Is considered 
necessary to restrict the ductllity to a low value (near 1.0), for example, 
In some aspects of the design of arches and domes, a structure designed on 
this basis wlll be found to be inadequate, In these cases a redesign will 
be necessary using a more accurate analysis of the dynamic effect of the 
loading. 

The factor of safety should be selected in accord with the concepts 
presented in Chapter 7, 

Using the principles described ebove, the preliminary design is 
evolved by normal static design precedures or by employing design aids 
such as the figures at the end of this chapter. The majority of these 


figures were taken from Ref, 81. 
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It must be emphasized that the charts given herein (Figs. S-Z 
through 9-38) can not properly be called ‘Design Charts''. They can be 
used yeey effectively as an aid in preliminary design. However, they were 
prepared on the assumption that the duration of the Biwets indices Yoaxe was 
wag. ti comparison to the period of vibration of the structural element 
(adjusted if necessary for any additional mass that vibrates with it). . 
Furthermore, they presumed specific values for the ductility factor as in- 
dicated on the figures. If the effective load duration is about 3.0 times 
the period of vibration, the effect of the actual load duration becomes 
relatively insignificant and can usually be ignored, that is considered to 
be infinite. Similarly, if the ductility is taken as large as 3.0, a further 
increase will reflect only very small changes in the resistance required of 
a structural element for a given blast load. 

If, in a given case, the effective load duration is relatively 
short (less than about 3.0 times the period) or if the ductility factor chosen 
differs from that stipulated on the charts, the haves should be used only 
for preliminary estinates: of required proportions of structural elements 
which should then be carefully checked using the time-dependent loadings 
that can be devernined by methods given in Chapter S and the dynamic analysis 
methods presented in Appendix B. 

If preliminary designs tice qsde simply by setting the resistance a 
given by the equations of Chapter 8 equal to the peak blast-induced force, 
the ductility factor will have effectively been set at a high value 


(theoretically infinite, but practically at about 10) and the load duration 


will have been taken as being very large relative to the period of 
vibration, Since the charts do consider specific ductility factors, 
the results obtained from the charts should not be expected to agree 
exactly with those obtained from the equations of Chapter 8. 

The rebound behavior of the structure must not be overlooked 
and a method for estimating the necessary rebound strength is given in 


Appendix B. 


9.2 REINFORCED CONCRETE BEAMS AND ONE-WAY SLABS 

Once the loading has been established, the preliminary proportion~ 
ing of the slab or beam may be accomplished directly from the resistance 
formulas given in Chapter 8 considering the peak pressure as a static load 
or by charts similar to those given at the end of this chapter following 
the sequence of operations listed below: 

1, The percentage of positive reinforcing steel at midspan, Oo» 
and the effective negative steel at the supports, ow must be assumed initially. 
If the supports can be considered as simple supports, the latter is taken 
as zero, If the beam or slab frames into another element which restrains 
its rotation at the support, i must be taken to be consistent with either 
the moment that the member itself can develop or the moment that the restrain-= 
ing slab or element can develop, whichever is smaller. 

2. Set the value of iy equal to the dynamic yield stress selected 
for the steel type to be used. 

3. If the structure is buried such that dead load may not be 


ignored and the preliminary design is being developed by use of the charts, 
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it is expedient to convert the dead load to an equivalent blast loading. 
Since the blast loading has been increased by 1.20 when dealing with those 
aspects for which ap = 3.0 is selected, and by 1.62 for those where wp is 
restricted to 1.3, a soil cover weighing 1204/ ft? is converted to an 
equivalent blast pressure by Altipiying the pp equal 3.0 Jaies by 0.69 
times the depth of earth in feet and the » equal 1.3 cases by 0.51 times 
the depth of earth in feet. The slab or. beam weight may be handled in the 
same way. If other u values are considered more reasonable and design 
charts for these » are available a similar conversion may be used. 

| 4, Assume the required resistance to be equal to the meximum 
applied pressure. For slabs find the d/L necessary in biaiura by Eq. (8-4) 
or (8-5), or Fig. 9-2. For beams, Eq. (8-4) or (8-5), or Fig. 9-9 are used. 
Establish preliminary proportions of the slab or beam on the basis of d/L 
thus determined, 

S. Check the adequacy of the section established in step 4 

egainst a pure shear failure by the Eqs. of Sect. 8.2.4, or Fig. 9-3 for 
slabs and 9-11 for beams, If pure shear governs the member under con- 


sideration, increase d/L or add inclined steel. Fig. 9-4 gives the inclined 


steel factor. When inclined steel is used it will normally require reasonably 
large amounts to be effective. The reason for this is that before the steel 
is effective the deformations are such that the concrete shear Strength is 
reduced. If the depth is increased, it is then possible to reduce the 
percentage of flexural steel used, provided that in doing so it is not 


dropped below 0.5 percent. 


6. Check the adequacy of the slab or beam for its resistance 
to diagonal tension using Eq. (8-6), (8-7), and (8-8), or Fig. 9-5 if it has 
~ been decided to restrict u to 3.0. The web reinforcement factor needed is 
: taken from Fig. 9-6. The influence. of the support conditions and flexural 
Steel is taken from Fig. 9-7. If web reinforcement is required, at least 
" 0.5 percent should be used to ingure ductility. 

7. When the preliminary design is completed, the adequacy of the 
section can be checked using the resistances and periods of vibration as 
given by the appropriate equations of Chapter 8, the actual time-dependent 
load function defined in Chapter 5 idealized as equivalent triangular 
pulses, and the analysis procedures of Appendix 8. The section can then 


be revised if necessary, and the analysis repeated. 


9.3 REINFORCED CONCRETE TWO-WAY SLA3 AND SUPPORTERG BEAMS 

Design of two-way slabs end supporting beams by the equations or 
charts is accomplished by converting them to equivalent uniformly loaded 
one-way elements. For the slab the flexural resistance is 2 (given in 
Fig. 9-8) tires that of a one-way slab. The diagonal tension strength and 
pure shear resistance of the slab are taken to be (2/3) (1 + a) times those 
of a one-way slab but this factor is not to be taken less than one. The 
supporting beams are designed using the factors given in Figs. 9-10 and 
9-13. 

Slab Design 


1, The steel percentages Pie? Me? Vee and ee mist be Sesuned: 


9-5 


mer re Rie Oe A Ort er gerer mergers marten nen tert era eet eta geen ener tem sehen 


The comments in Item (1) of Section 9.2 apply. 

2. Dynamic yieid properties of the reinforce.naent are selected. 

3.° The weight of the slab and earth cover may be taken into 
account by the method given in Step 3 of Section 9.2, 

4. For a resistance assumed equal to the peak applied pressure, 
find the d/L necessary for flexure frui Eq. (8-22) or Fig. 9-2. Figure 9-2 
siiguld be entered using the peak applied pressure divided by 9 (Eq. (8-23) or 
Fig. 9-8) as p.. Using d/L thus determined, select the slab thickness. 

5. Check the pure shear resistance of the slab chosen in Step 4 
by the method of Sect. 8.3.2. If found to be inadequate, increase the 
thickness and repeat the flexural analysis to reduce the reinforcement. 

6. Follow the procedure of Step 6, Sect. 9.2 to check diagonal 
tension strength, taking note that the shear resistance of a two-way slab 
is (2/3)(1 + a) times that of a one-way slab spanning in the short direction 
when @ is Greater than 1/2, and the seme as a one-way slab when @ is less 
than 1/2, If the slab is not nearly square, and if web reinforcement is 
needed along the long edges, the short edges should be investigated using 
a= 1,0, 

7. Review the design thus obtained and revise it using the same 


methods described in Step 7 of Sect. 9.2 for one-way slabs. 


9.4 STEEL BEAMS 
The flexural resistance of steel beams is given in Fig. 8-6 for 
the static case. Fig. 9-14 gives the specific resistance values when u = 3.0 


if an infinite duration of the blast loading is applicable. Fig. 9-15 gives 


the comparable values for the shear resistance. If the duration of the 
load is eas short or a ductility factor different from 3.0 is used, 
revise the preliminary design obtained from Figs. 9-14 and 9-15 using the 
analysis procedure of Appendix B, equivalent triangular loads based on the 
actual time-dependent loads of Chapter 5, and resistances and periods as 


given in Sect. 8.5. 


9.5 ARCHES 

If an underground steel or concrete arch is to be designed and 
the depth of burial meets the requirements of ''full-burial"', only the 
compression mode is considered to be significant. The resistance in this 
mode, qo? is given in Sect. 8.7.3. A preliminary value of D/r for concrete 
arches may be determined by summing those values from Fig. 9-16 and Fig. 
9-17 or 9-18 which correspond to the dynamic strength parameters for the 
design in yuestion. In a steel underground arch, the analogous value 
fay (A/r) may be obtained from Fig. 9-23 or 9-24, 

The value of peak pressure, Pa? to be used in the charts should 
be teken as the attenuated pressure at a depth z = H,) (See Fig. 4-3). The 
period, To is then computed for this arch (Sect. 8.7.2) and compared with 
the rise time and the effective duration of the actual loading as given in 
Chapter 5S. If the ratios of the rise time (see Fig. 9-39) and duration 
(see Fig. 9-1) to the period yield a value of Pid m Kp. /q ratio that is 
different from that of the design figures, the arch should be revised by use 


of Eq. (8-51) or (8-52). The weight of the arch and earth cover may be 


Included by the method of Section 9.2. 
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Fig. 9-27 or 9-28, Factors are included on the above-ground reinforced 


For above-ground arches, or those whose depthr oF burial do 
not meet the requirements of "full burial", both modes of loading must 
be considered simultaneously. 

A preliminary dasige for the above-ground reinforced concrete 


arch may be obtained from Fig, 9-21 or 9-22 and for the steel arches from 


concrete arch figures for the conversion to several concrete strengths and 
steel percentages, 

Having selected the preliminary thickness, compute the flexural 
and uniform compression periods from the appropriate equations of Section 
8.7.2. Determine the effective load durations for the two loading 
components as defined in Chapter 5. For the uniform compression mode, use 
single or multiple triangular representations (Figs. 3-7, 3-8, and 3-9) of 
the pressure pulse as may be needed, depending on the relative magnitude 
of Tee For the flexural component use a double triangle replacement pulse 
as discussed in Sect. B.2.3f. Since the flexural mode loading is not a 
precisely known time function, inclusion of the rise time in the double 


triangle replacement system is not considered justified, Consequently for 


design purposes, the flexural loading is considered as an initially peaked 


pulse of magnitude (0.5 + B/n)P., decaying linearly to B/x Cp, at a time 


the flexural and uniform compression modes by the methods of Sect. B.2.3f. 
Calculate the thrust in the arch consistent with the required resistance, 


(1 + 3 B/n) times the transit time, Comoute the p/4 values separately for 
q.» as found for the uniform compression mode, and also the ultimate thrust 


capacity P| of the arch by Eq. (8-48) or (8-49). Knowing P/Ps Q/a¢ is 
determined in the steel arch case ty the use of the interaction formula, 
Eq. (8-57), and for the concr.te arch by use of the Fig. 8-5. 

Some judgment wust be used in selecting the appropriate P/P 
value to use particularly when dealing with concrete because the shape of 
the concrete interaction diagram gives increasing q/4¢ values as P/P 
increases, until P/P is approximately one-half. Reliance should not be 
placed upon a4 specific value of P/P which gives a significant increase in 
q/G¢ Since this value of P/P may not be active In the arch when the 
maximum flexural resistance is needed. Once q/4¢ is found, Q¢ is calculated 
by the appropriate equation of Sect. 8.7.3, "Flexural Mode," and the 
solution for q determined by these values is compared with the assumed 
flexural loading, Comparison of the q's determines the adequacy of the 
design, An attempt should not be made to shave the section in order to get 
exceedingly close agreement because of the uncertainty existing in the 
required q. 

For the partially-buried case, the general procedure is the same as 
for the above ground case except that the increased soil mass and resistance 
effects as discussed in Sect. 8.2.6 must be included in the period computation, 
It should also be noted that the design charts for "Partially Buried Arches" 
were prepared for a given depth and a flexural loading simpler in form than 
that given in Chapter 5. Therefore, the charts can yield only preliminary 
designs. 

The fully buried arches need not be chacked against buckling, but 


the above-ground and partially-buried cases must be checked for buckling 
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stability in accordance with the formulas of Sect. 8.7.4 "Buckling". 


9.6 DOMES 
When the placement of the dome meets the full burial requirements 


given in Chapter 5, the preliminary design is accomplished In the same 


manner as with arches, Initially the total steel percentage in each face 


In each direction must be assumed and the dynamic material properties must 
be selected. A preliminary thickness of the dome may then be found from 


Fig. 9-17 or 9-18 for arches simply by taking one-half of the value read 


from the chart. 


The period of the dome Including the soll mass influence and the 
actual load (Sect. 5.3.6), idealized with equivalent triangles, should be 
computed, The design can then be revised to reflect the P./4 value 
(Fig. 9-1) consistent with the selected » and the calculated t/t parameters, 
The revised thickness may be found from Eq. (8-63) and the proper P,/4 value. 
Buckling need not be Investigated for fully buried cases. 

For a dome it is also desirable to Investigate the interaction 
between the dome and the footing. A method is given in Sect. 8.8.4 If the 
dome and footing are to have consistent deformations, Because of possible 
tensile forces around the circumference at the base resulting from a non- 
uniform load distribution over the dome at least 0.5 percent steel should 
be used circumferentially at the base. 

For pertially buried and above-ground domes, the flexural mode 
with its loading as discussed in Chapter 5S must also be considered. 


Preliminary thickness may be found from Fig. 9-29 or 9-30 for a partially 
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buried dome. In the case of the above-ground domes, Fig. 9-31 or 9-32 
apply. Having the preliminary thickness, a period can be computed, 
including the soil mass effect for the partially buried dome. The durations 
of the flexural and uniform compression loads can be found in the same 
manner as for arches. In computing the pressure Pim for the flexural mode, 
refer to Chapter 3 for the appropriate reflection factor. Having the peak 
pressures and the duraticn-to-period ratios for each mode, the correspond- 
ing Pld values may be found.as described in Sect. 9.5 for an arch, Sub- 
stituting for the q values the resistances given in Sects. 8.8.4 and 8.8.5, 
the required thicknesses can be found for each mode separately. Since 
both of these modes result predominately in membrane or axial forces, the 
total required thickness is the sum of the flexural mode and compression 
thicknesses. 

For the compression mode a uniform compression exists throughout 
the dome and there is no specific critical point. Eq. (8-63) may be used 
directly for the uniform compression mode qe: For the flexural mode, the 
region near the foundstion is critical; therefore Eq. (8-64) should be 
converted to an expression for q¢ by setting ¥ = 0 and the normal forces, 


Ty end To» to their axtal force capacities, i.e., for reinforced concrete, 


= (0,85 Fac + 0,009 o F420 


When Py is taken equal to (q_/sin B) and the resulting expressions are equated 


Ty 


to the axial force capacities as defined above, the desired relation for U¢ 
is derived. Since the only significance of the thickness upon the period 


computations occurs in the soil mass effect, even if there is some variation 
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between the preliminary thickness and the final thickness, it will generally 
not be necessary to revise this section. 
Finally, the resulting dome should be Sheeked against buckling by 
Eq. (8-65) or its increased value for the partially buried case, and the effects: 
of foundation restraints should be evaluated as discussed in Sect. 8.8.5. 
| As stated previously, the methods of Appendix B may, if appropriate; 


be used to evaluate more carefully the resistances required in each of the 


modes. 


9,7 VERTICAL SHAFTS AND SILOS 


The circumferential behavior of the silo under the various loadings 
discussed in Chapter 5 is predicteble within acceptable tolerances by con- 
sidering the behavior of a ring of the same geometry as the silo cross 
section, The resistance capacities end periods of vibration of the silo are 
therefore the same as those discussed in Sect. 8.7 for arches. | 

Below a depth of one diameter the required cross sectional properties 
of the silo are governed by the hoop forces from the sum of the dead load 
and uniform compression load discussed in Chapter 5, The preliminary design 
steps to follow are therefore the seme as those for arches. The dynamic 
character of the uniform compression is taken into account by Fig. 9-1 with 
the ductility factor, wu, and the ratio of the duration to period having 
been established. It is then possible to revise the design in the same manner 
as discussed in Sect. 9.4. Beceuse of possible irregularities and variations 
in soil properties, some bending may be induced in both the circumferential 


_and longitudinal directions. Therefore steel in the emount of at least 
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0.25 percent in each face in each direction should te used. 

The region of the silo from the surface to a depth of one 
diameter is subjected to a flexural loading as discussed in Chapter 5 in 
addition to the uniform compression and dead loads, This additional load- 
ing produces predoalastely flexural stresses and is treated in the same 
manner as the flexural mode in the arch. The designer is again cautioned 
in using the interaction diagram not to rely upon the simultaneous 
existence of maximum compressive hoop forces and maximum flexural forces. 

In addition to the bending developed by the pressure variation 
resulting from soil irregularities etc. discussed in the previous paragraph, 
the propagation of the pressure pulse down the side of the silo generates 
a longitudinal bending moment. Because of the restraining influence of the 
soil and the fact that the cracking associated with this moment does not 
significantly affect the structural integrity of the silo, it is generally 
considered sufficient if 0.25 to 0.50 percent longitudinal steel is placed 


in each face. 


9,8 FOOTINGS 
| A discussion of some of the general aspects of the design of founda- 

tion elements is given in Sect, 11.5. As mentioned there, very little 
information is available in this area. Since some design value must be 
selected in spite of lack of information, it is suggested that the dynamic 
bearing pressures used for design be taken as follows: 

For rock use the in-place crushing strength, 

For granular soil use a bearing pressure which 


if applied statically would produce a settlement 
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of one inch, 
For cohesive soii use a bearing cressure of 


three-quarte:s of the failure ioad,. 


If detailed soil information is not avaiiable, the bearing ovessure may be 
taken as the sum of twice the ccenventional allowable static value plus the 
peak free-field soil pressure existing at the foundation level. 

Having selected the allowable bearing pressure the plan size of the 
foating. way be chosen to carry a force equal to the maximum dynamic column 
load or arch thrust. The footing thickness Snag tse percentages may then 
be computed in accordance with the resistance capacities peesented - Sect. 
8.10.1 or by Figs. 9-33 through 9-36, Even though the dynamic material 
properties are included in determining the resistance capacity of the footing, 


it is suggested that the load be treated as static. 


9.9 COLUMNS 

The ultimate dynamic strengths of axially loaded reinforced concrete 
and steel columns may be determined by Figs. 9-37 and 9-38, The latter gives 
the strength of steel columns in terms of the flange width and ween per 
foot. As mentioned in Chapter 8 the dynamic strength oF a column is taken 
to be the static strength with the significant stress parameters increased 
by set percentages. No period or p/4q values are necessary. When the column 
supports a roof subjected to blast loading the column loading should be 
taken as twice the peak blast pressure times the tributary area or the 


maximum resistance of the supported elements, whichever is smaller. 
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Note: t is the duration of the 


ppropriate singte-triangle representation 
of the loading. See Secs.3.22 and 333 


FIG.9-39 RISE TIME FACTOR (Ke) VERSUS RISE TIME. 


9-53 


co IANS ee RRO a teen 
ree — oe Eiaiacheceaeichinenaaienaeteairanmnnieasenatameantiecaaniemniineememmemetinmens scaereeeese eee ee 


CHAPTER 10, EARTH SHOCK AND SHOCK MOUNTING 


The material presented in this chapter is taken largely from 
Refs, 10-1, 10-2, 10-11 and 10-12, supplemented as considered necessary 
for the more general use ascribed to this manual. In numerous instances, 
the text of parts of Refs. 10-1 and 10-11 have been used almost unchanged, 


10.1 INTRODUCTION 


The ground motion ceeulenns from a nuclear detonation is a complex 
combination of many effects, Including air-induced shock, direct=transml tted 
ground shock, surface and reflected waves, coupled effects, and random 
motions. Because of the complex nature of the situation, it Is convenient 
for design purposes to consider the earth shock resulting from a nuclear 
explosion as producing both systematic and random effects. Systematic 
effects can further be divided into two major types: (1) air-induced shock 
associated with the passage of an aire-shock wave over the surface of the 
ground, the overpressure at the surface above the structure being transmitted 
downward with such attenuation and dispersion as may be consistent with the 
physical conditions at the site; and (2) direct-transmitted ground shock 
arising from direct energy transfer from surfece, near surface, or under- 
ground bursts. Random effects commonly include high frequency ground= 
transmitted shock, surface wave effects, reflections, refractions, etc. Which 
particular effect is dominant and controls the design Is dependent on such 


factors as weapon yield, point of detonation, range from ground zero, 
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depth of the structure, and geologic conditions, 

At present it is possible to make reasonable estimates of the 
maximum free-field values of displacement, velocity and acceleration that 
are associated with the air-induced shock effects, and in more restricted 
cases, for the direct-transmitted ground shock effects a: discussed in 
Chapter 4. 

When structural systems or equipment are subjected to a base 
disturbance, as for example that arising from the ground motion associated 
with a nuclear blast, the response of the system is governed by the 
distribution and magnitudes of the masses and resistance elements. A knowledge 
of the response of systems subjected to such loadings is important from the 
standpoint of design in order to proportion the structure so that it will not 
undergo complete collapse, and to protect the structure, equipment, and 
personnel from shock damege. | 

For purpeses of assessing the effects of shock on structures or 
elements in direct contact with the soil, one of the simplest Interpretations 
of ground motion data involves the concept of the response spectrum, which 
is a plot against frequency of the maximum response of a simple linear 
oscillator subjected to a given input motion. Studies of the many shock 
spectra that have been determined from ground motion measurements, from 
both blast and earthquake sources, suggest that response spectra can be 
described in a relatively simple way in terms of the maximum values of 
displacement, velocity or acceleration. Concepts relating to the use of 


shock spectra for the design of structures and shock isolation systems are 


“given in this chapter. 


10.2 SHOCK RESPONSE SPECTRA 

The principal effects of blast-Iinduced ground shock on structural 
components and equipment can be described adequately by means of a shock 
response spectrum. As stated in Section 10.1, a response spectrum is a plot 
against frequency of the aa Ge response of a simple linear oscillator 
subjected to a given input motion. Clearly, then, a response spectrum 
depicts only maximum response values, not a time-dependent history of the 
motion of the oscillator. However, it is usually sufficient to have only 
the maximum values. 

Response spectra have been used sutensively (Refs. 10-3, i0-4 
and 10-5). in studies of the response of structures to earthquake ground 
motions. Applications of the response spectrum technique to shock problems 
arising from blast have also been published for elastic systems (Refs. 
10-6, 10-7, 10-11 and 10-12) and extensions of the spectrum concept to 
elasto-plastic systems have been made for earthquake motions (Ref. 10-8), 
and for blast effects (Refs. 10-11 and 10-12). | 

10.2.1 Response Spectra for Elastic Systems. Consider a piece of 
equipment or a structural element in an under-ground structure which is 
subjected to ground motions from a nuclear blast. The equipment or 
structural element can be considered to be the mass of a simple oscillator. 
The spring constant of the oscillator can be characterized by the load- 


deflection properties of the structural system which connects the mass to 
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ground, or base, at which point it is subjected to the ground motion, 
The maximum displacement of the mass relative to the base is called the 
spectrum displacement, 0D, and the maximum acceleration of the mass is 
called the specerun acceleration, A. The maximum selectiy of the mass is 
approximately equal to the following more useful quantity called the 


spectrum pseudo-velocity, V, where 
V= 2nfD (10-1) 


Ff being the natural frequency of vibration of the oscillator. 
For a system with zero damping, D and A are related by 
A= (2xf)?p>——2—— (10-2) 
- 387 in/sec 
which also holds, though only approximately, even when damping is present. 

For a given input motion of the base, 0, VY, and A are functions 
only of the frequency of the system considered. Plots of these three 
quantities against frequency are, then, response spectra. They may be 
plotted individually or, more conveniently, on a single plot by means of 
the type of chart shown in Fig. 10-1. 

Clearly, the nature, or shape, of the response spectrum is dependent 
only upon the nature of the input motion, Ordinarily the input for blaste- 
induced ground motion consists of two parts, a systematic portion on top 
of which is superimposed a series of random oscillations. The magnitudes 


of the peaks of the random components may be either small or large compared 


to the systematic portion. The random part may exist over the entire 
range of the systematic portion, only part of the range, or even prior 
to the systematic portion. Schematically the parts may be related as in 
Fig. 10-2 where the actual input at any time is the sum of the two input 
curves, 

For a random series of pulses, the relative velocity peak of the 
spectrum compared with the maximum input velocity can be high, but is un- 
likely to be much higher than about 3 times the maximum input velocity 
unless an almost resonant condition is obtained with several pulses of 
alternate positive and negative sign of exactly the same shape and duration. 
Such a resonant condition for velocity is extremely unlikely from blast 
loading, and has not been observed even in earthquake phenomena, Even if 
for some reason partial resonance is achieved, damping will reduce the 
peaks considerably, 

In general the combined effect of the two input motions, systematic 
and random, depends on their individual effects. In Fig. 10-3 are shown 
sketches of the response curves corresponding to each of the parts of Fig. 


10-2, The response spectrum corresponding to the systematic component (a) 


._ is a relatively smooth, somewhat triangular curve, generally having its 


peak at a relatively low frequency, while the response spectrum corresponding 
to input (b), the random component, is flatter and broader. The combination 
of the two spectra will be roughly of the same general shape as (b) but with 
a longer base. There may be a higher peak as well. 

It can be shown rigorously that the combined spectrum will in all 


cases be either equal to or less than the sum of the spectra corresponding 


to the individual inputs, In general, although it has not been rigorously 
proven, it appears reasonable that the combined spectrum can be expected 
to be equal approximately to the square root of the sums of the squares of 
the individual spectra, point by point. In most practical cases of the 
type under consideration, because of the fact that in the range of frequencies 
for which one spectrum is a maximum the other spectrum is relatively low, 
and vice-versa, the sins of the spectra and the square root of the sums of © 
the squares are nearly the same. | . 

| From studies of many earth shock response spectra, it has been 
found that sop roxinete spectrum envelopes can be plotted on the chart of 
Fig. 10-1 if only the maximum values of free-field displacement, velocity, 
and acceleration are knewn. That Is to say, one does not necd the complete 
time history of the input motions - only the maximum values of the three 
motion parameters. 

While generally irregular throughout Its length, a response spectrum 
envelope can be epproximated adequately for most purposes as a trapezoid 
such as is shown on Fig. 10-1 by the lines labeled D, V and A. The three 
sides of this trapezoid can be relsted to the mextuaum freeefleld laput motion 
parameters of displacement, velocity, and acceleration. 
Recent studies of the relationships between spectrua envelope 

bounds and the characteristics of the time-dependent free=field input motions 
(displacements, velocities, and accelerations) have been reported in Refs. 


10-11 end 1G-12. A study of these references indicates clearly that as the 
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definition of the variation with time of the free-field motion parameters 
is improved, the definition of the corresponding spectrum envelope can be 
refined, However, in the general case of blast-induced motions, the input 
motions can not usually be described in significant detail. Consequently, 
based on the results given in Ref. 10-12, it is recommended that, for 
systems responding elasticslly, the spectrum be defined by the following three 
straight-line bounds, as illustrated in Fig. 10-1. 

(a) A line "D'', drawn parallel to lines of constant displacement, 
at a displacement magnitude equal to the maximum free-field displacement, 

(b) A line "V"', drawn parallel to lines of constant velocity 
(actually, pseudo velocity, as discussed earlier), at a value equal to 1.5 
times the maximum free-fleld velocity. 

(c) A line "A", drawn parallel to lines of constant acceleration, 
at an acceleration value equal to twice the maximum free-field acceleration. 

A spectrum defined in this manner Is clearly an approximation; 
however, its accuracy is considered to be consistent with that of the input 
free-field motions on which it is based. In special cases where the input 
motions can be defined Sith greater confidence, the spectrum identified 
above can be refined by the methods presented in Refs. 10-11 and 10-12. 

10.2.2 Response Spectra for Inelastic Systems. For an elastic 
system, the maximum response produced by a given blast-induced excitation 
of the base can be read from the response spectra plotted as described in 


the preceding section. If, however, the spring becomes plastic before the 
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maximum deflection has been reached, it is necessary to consider the effect 
of this inelastic behavior on the response of the mass to the same input 
base excitation. The procedures that follow were taken from Ref. 10-11 and 
represent the results of the most recent studies on this question. 

The shock fuses of a simple system having an inelastic force- 
displacement relation is considered here. A typical inelastic relationship 
is shown in Fig. 10-4, with an initial "elastic" portion continued above the 
"inelastic" curve. Coren elastic system, with a frequency corresponding 
to the line oc in Fig. 10-4, the response spectrum for a typical shock 
input, when pletted on a form illustrated by Fig. 10-1, may have a shape 
similar to that shown in Fig. 10-5. 

Recent studies indicate that the following relationships are 
applicable for the inelastic system of Fig. 10-4. | 

(1) Along the D-line of Fig. 10-5, the total displacement of the 
system is the same for the inelastic system as for the corresponding elastic 
system. 

(2) Along the V-line, the total energy (or velocity) of the system 
is nearly the same for the inelastic system as for the elastic system. 

(3) Along the A-line, the maximum acceleration (or force) is nearly 
the same for the inelastic system as for the elastic system. | 

These three relations imply certain relations among forces or 
accelerations and displacements which can be clarified by reference to Fig. 


10-4. Consider the case when the elastic system has a force Ro (and a 
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corresponding acceleration), and a displacement ue» corresponding to point 
con the "elastic" line. 

For case (1) where displacement is conserved, he Selaseie system 
would have a displacement of Uys and a force (or acceleration) Ry» éotvasounde:” 
Ing to point don the "inelastic" curve. 


For case (2), where velocity or energy is conserved, the inelastic 


system would have a displacement uy and a force Ry? corresponding to a point 


.V, up to which the total area under the force-displacement curve is the same 


as that up to point c for the elastic case. 

For case (3), where acceleration is conserved, the inelastic system 
would have a force R, and a displacement us» cerresponding to a point a, 

However, in cases (2) and (3), the principles stated overestimate 
the response of the inelastic system. A correction is needed which refers 
the energy in case (2) to a line probably intermediate between V and Yb in 
Fig. 10-5, and which refers the acceleration in case (3) to a line probably 
intermediate between A and a, in the same figure. 

It is suggested that this interpolation between A and a, or between 
V and Yb be linear, based on the proportion of the total energy lost at the 
maximum deflection considered, For example, at a point such as a, the total 
energy is the area o-d-a-u_-o and the pre lost is o-d-a-a'-o, the difference 
being the recoverable elastic energy at point a. 

To illustrate the use of the concepts just described, they will be 
applied to a simple elasto-plastic system. However, any other force displace- 


ment relationship can be approximated by an elasto-plastic relationship in 
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elastic portion, the ratio of the lost energy to the total energy can be 


which the energy is eeneeived up to the point of maximum deflection and 
roughly also up to the point of yielding, in the replacement system, These 
relationships are expressed in Fig. 10-6. The area under the force displace- 
ment curve up to the point u, should be the same for the two curves, and they 
should also be the same up to the point ut (It appears, therefore, that the 
frequency for the equivalent elasto-plastic curve will be changed slightly 
from the frequency corresponding to the initial part of the inelastic curve. 
The modified frequency is the one that should be used, however, in the 
calculations.) 

If the recovery from the point of maximum deflection for the 


elasto-plastic curve is along a line parallel to the equivalent initial 


expressed as follows: 
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lost energy | Ry (uy, - yy) ~ 2{u = 1) (10-3) 
total energy Ril b= i u) ai - i , 
yom 2 y 


For y = 1.5, this factor has the value 0.5; for uy = 2, it Is 0.67; for p = 4, 
0.86; and for » = 10, it is 0.95, Without serious error, therefore, for 
values of u greater than 3 one can base further calculations on the Lines Yb 
and a, rather than V and A in Fig. 10-5, 
Consider now an elasto-plastic eyetedy with a given value of yp. In 
case (1) the total displacement is conserved, but because the elastic com- 


ponent of displacement is 1/u times the total, the acceleration is reduced 


by the factor I/p. 
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In case (2), the energy is conserved, hence 


1 fy ¥y Rode 
R Cu, a wu) ma (41 - 1) = 7) (10-4) 
: However, R /R =u /u. 
c sy c y 
Therefore 
° u 
= eJqi- 1 (10-5) 
y é 
It follows that uy =u uy is related to ua. as follows: 
u u u 
Ye , Yo (10-6) 
4 y c Vu - 1 
and 
R R u l 
ae (0-7 
c c cv2u - 1 


In case (3), the force is conserved, and hence the accelerations 
are the same, but the displacement is Increased for the elasto-plastic case, 
compared with the elastic case, by the factor yu. 

For the elasto-plastic design, or for any inelastic condition, two 
sets of lines must be drawn on the response spectrum chart. One set is used 
for determining relative displacement, and the other set is used for deter- 
mining acceleration. In the case of an elasto-plastic spring, however, the 
latter can also be interpreted as the elastic component of the total elasto- 


plastic relative displacement. 
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As an example, consider the following maximum base motions due to 


| shock: 


Displacement = qd. = 1.0 in. 
Velocity = | 100 in./sec 


Acceleration =a, = 200 g 
and an "elastic" spectrum having the following bounds 


D= 1.0 in, 
¥ = 150 in./sec 


A= 400 g 


Now consider an elasto-plastic system having a value of u of 5. 
The proportion of energy lost is, from Eq. (10-3), 0.889, and one could use 
Yb and a, as a base for calculations; however, the example which follows 


illustrates a more refined approach. . : 


Hence the line used between V and Yb lies at a distance 0.889 of 


the way from V to vb» oF at 
105.6 in./sec. 
Correspondingly, the line used between A and ay is 
| 222 g 


With these lines used as a basis, one finds the following bounds 


for the elasto-plastic spectrum: 


For Displacements Only For Acceleretions Only 


"Defl" Bound D=d = 1.0 in, 4:9 = 0.20 in, : 
"Yeloc"! Bound —«§ x 35.2 = 176 In./sec WS:& = 35.2 in./sec : 

V10-1 . 
"Accel" Bound 5 x 222 = 1ll0g 222 g = 
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The spectrum for this elasto-plastic system is sketched on Fig. 
10-7 for comparison with the spectrum for the elastic system used as a basis 
for the calculations. 

Similar calculations, as well as more accurate studies of response 
reported in Ref. 10-8 and elsewhere, show that in general for small ductility 
factors, say 5 or less, the displacement can. be considered as conserved over 
the whole spectrum, and consequently it is necessary only to reduce the 
elastic spectrum uniformly by the factor l/: to obtain the acceleration values, 
or N values, for design. 

This procedure is not entirely conservative for high frequency 
elements, but this may not be a serlous deficlency. However, more careful 
determination of the bounds of the spectra is desirable when » Its greater 


than 5, 


10.3 BESIGN OF SIMPLE STRUCTURES FOR GROUND SHOCK 


Ground shock, as such, is normally of little or no significance as 
far as the design of simple one-story structures are concerned. Hore correctly 
stated, any structural element that must be designed to resist blast-induced 
pressures will be affected only to a small extent by the inertial forces 
resulting from ground shock sccelerations. 

In a given case, the magnitude of the inertial force can be 
determined quite readily by reading from a response spectrum the maximum 
acceleration that the element will experience and multiplying this acceleration 


by the mass of the structural element being studied. In most cases, the 
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Inertial force thus determined will be quite small in comparison with the 
blast-induced pressure for which the element is being designed. Furthermore, 
the inertial force will be of short duration snd will usually occur in time 


SO @s not to be directly. additive to the peak pressure. 


10.4 OESIGN OF MULTI-STORY STRUCTURES FOR GROUND SHOCK 


The discussion of Section 10,3 is applicable also to the design of — 
exterior wall, roof, and base slab elements since these elements are subjected 
directly to blast-induced pressures regardless of the number of stories In 


the building. However, the interior floors, which are not subjected to blast 


“pressure, must be designed for Inertisl forces In addition to their normal 


dead and live loads. Furthermore, if the structure is free-standing within a 
protected eavlive either natural or man-made, it must be designed for the 
effects of ground shock imparted to it at its base, Though response spectra 
are plotted only for single-degree-of-freedoa systems, the spectrum 

technique can be used, as discussed in the paragraphs that follow, for the 
design of multi-story structures. | 


10.4.1 Besien for Horizontal Hotions, The use of the single-degree- 


of-freedom response spectrum for a multi-story building represents an epproxt- 
mation which requires study. The background of experience with earthquake 
resistant design indicates that the approximstion can be useful, Rigorous 

use of the spectrum concept is possible only by consideration of the In- 
dividual modes of dynamic response of the multi-story structure. An exect 


method for the elastic analysis of a complex system is outlined in 


Section 10.6. 
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There are several reasons why a design spectrum can be lower In 
value than the response spectrum plotted as described in Section 10.2. . 
Before failure of a building frame occurs, plastic action will develop, and 
the Inertial forces will, therefore, be reduced. Response is further re- 
duced by damping. 

There is another influence about which little is yet known, This 
concerns the interaction of relatively heavy structures with the ground when 
ground motion occurs. Although the interaction is relatively slight, 
calculations that have been made in & preliminary fashion indicate that 
there is a series of peaks and valleys in the response spectra and that the 
valleys correspond to the true response of the actual structure for which the 
input motions are measured whereas the peaks correspond to responses of 
structures with slightly different physical properties. 

Because of these factors, it is believed reasonably consatuactve to 
use, as a basis for design, a spectrum plotted as described in Section 10.2, 
with envelopes determined on the basis of the amount of plastic deformation 
that is permissible, 

Insofar as a building frame itself is concerned, structural design 
can be accomplished with a reasonable degree of conservatism by using the 
design recommendations proposed for earthquake design (Ref. 10-9). The 
recommendations of Ref. 10-10 are similar to those of Ref. 10-9 ana are more 
generally available. In general, for building frames, these recommendations 
consist of two parts: (1) a specification for the maximum base shear for 


which the design should be made; and (2) a specification for the distribution 
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of this shear over the height of the building frame. 

The recommended force distribution occe the height of the build- 
ing corresponds to a linear distribution of acceleration ranging from zero 
at the base to a maximum at the top of the building, The accelerations 
corresponding to the design force distribution are shown in Fig. 10-8. Shown 
in this figure is a derivation of the equation for force distribution given 


in Refs. 10-9 and 10-10, in which the force at any elevation is given by 


<in 


Wh 
"Ew uss) 


in which F = lateral force at any height h above the basse, corresponding 
to the mass of the building or weight of the building at that 
hetght . 
V = total lateral design shear at the base 
We the weight at the height h 


h = the height above the base of the building 


From the design spectrum which has been modified to account for 
inelastic action, one can read the accelerations and therefore the seismic 
coefficients to be applied to the total weight of the building to determine 
the maximum base shear, V. The base shear so obtained can then be distributed 
over the height of the building as outlined in Fig. 10-8 to determine the 
design shear at eny elevation in the building. 

In using the spectrum for a multi-story building, the frequency that 
corresponds to the lowest natural period should be used. Although a more 


accurate analysis taking account of the modal deformation of the building 


can be made, such an analysis is not warranted in the light of present 
knowledge for the building frame design itself. 

10.4.2 Design for Vertical Motions. In the vertical direction the 
situation is more complex. The high frequency of the building in the vertical 
direction, particularly in the vertical oscillation of the columns, makes it 
possible for the forces to be transmitted almost directly through the bullding 
to the intermediate floors. The Hours will then oscillate as systems having 
a frequency corresponding to their frequency when partly fixed at the ends 
or simply supported, depending upon their connections, in accordance with 
their own mass and that of the weight which they carry. The maximum 
acceleration to which such floors will be subjected can be read from a 
spectrum plotted as described in Section 10.2. 

Because the blast shock in the vertical direction may be greater 
than in the horizontal direction, there may be a necessity for investigating 
more carefully the vertical effects on the building. However, some brief 
study of this problem will indicate that ordinarily, unless the design 
accelerations are quite large, this will be unnecessary. 

For vertical loads, ordinary elastic design procedures employing 
the usual factors of safety will produce a structural element having a 
dynamic yield resistance of approximately 2.2 (OL + LL), in which DL is the 
dead load magnitude measured in terms of force per unit of area, and LL is 
the live load magnitude measured in the same way. The factor 2.2 is an 


estimate of the ratio between the dynemic yleld stress of the material and 
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the normal working stress. For static vies values the factor would be 
only about 1.7. With a redistribution of moments corresponding to limit 
loading conditions, the factor may be increased to as much as 2.5. 

For a vertical acceleration of Rg, the design of the intermediate 
floors must be made for a downward load of N times the weight, plus the 
weight itself, or, In effect, a load of (N + 1) (DL + FL), In which FL is 
the “fixed! Live load or the live load actually in existence rather than the 
design live load. This might be taken as a sort of average value, because 
the local values are not of as great Importance In determining the stresses 
as the average over-ail value that actually is in place at the time of the 
shock. 

The larger of these two relationships governs the designs If the 
fixed live load, FL, [s equal to the design liva lead, LL, then In order for 
tha dynazle effect to govern, the critics] acceleration factor N must be 
greater then 1.2. But in general, FL Is less than LL end HN must be even 
larger. For FL = 0.5 LL, and LL = 2DL, which are seasonal average values, 
then the static design corresponds to a magnitude of 6,6 BL and the dynenic 
vertical design would correspond to (N + 1)(2 BL), In which case, in order 
for the dynamic vertical design to govern, the factor H must be greater than 
2.3. In general it will be seen that only in rare circumstences, for 
extremely high accelerations, will it be necessary to take into account the 
vertical dynamic effect If the design is made under the usual static 


requiregents for the dead load end live load effects. 


10.5 SHOCK EFFECTS ON MOUNTED EQUIPMENT 
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10.5.1 Basic Considerations in Shock Mounting. This section is 
concerned with the problem of the attachment of equipment (mechanical, 
electrical, hydraulic, etc.) to the protective structure. The equipment must 
remain attached throughout a blast and must function in the post-blast state. 
It is obvious that the attachments must have sufficient strength to transmit 
the forces which are associated with the equipment accelerations and with the 
‘ relative distortions of structure and equipment. The stiffness of attachments 

must be considered not only In relation to its influence on the magnitudes 
of transmitted forces but also from the point of view of possible limits 
of acceptable relative displacements of equipment and structure. 

Since the problem relates to the mounting of equipment, rather than 
to the articulation of major structural components, [t can be assumed that 
the attached mass Is relatively small in comparison with the mass of the 
structure. It follows that the attachment forces are negligible in comparison 
with the direct effects of the blast, and the motion of the structure is 
nearly independent of the forces transmitted through the attachments. Motion 
of the structure is taken as the basic input for which the mounting must be 
designed. These input data must be obtained from an analysis of the response 
of the structure to ground shock and air blast, or must be assumed, 

Maximum accelerations or displacements which can be tolerated by 
the equipment must be known or computed. For complex items, such as 
electronic equipment, this information should be supplied by the manufacturer. 
The pérmfsstble accelerations and distortions of many other items, such as 
piping, ductwork, machinery bases, etc., often can be investigated directly 


by the mounting designer. 
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10.5.2 Provision for Relative Distortion of Equipment and 


Structure. When equipment must be connected to the structure at two or 


more points, and when significant relative displacements of these points 


are anticipated, the capacity of the equipment and attachments to accommodate 


such displacements must be investigated. Cases of this kind are not limited 
to the obvious situation in which the equipment is attached to two structures 
having independent motion components. Quite often structures are designed 

to undergo substantial distortion, particularly in flexural modes, 

It should be emphasized that the relative displacement of attachment 
points may be accomodated by elastic or elasto-plastic distortion of the 
equipment, by flexible joints, slip-couplings or other devices incorporated 
in the equipment, by elastic or elasto-plastic distortion of the attachment, 
or by some coabination of these factors. It may be quite unrealistic to 
attemot to supply all of the required accomnedation in the attachments. In 
the case of piping or conduit, for example, provision of bends or loops 
rather than a straight run between the connected points may permit the entire 
relative motion to be ebsorbed by flexural distortion of the pipe. 

10.5.3 Nature of Elastic Systems Comorised of Mounted Eoulpment. 
In general any piece of mounted equipment comprises a mul ti-degres-of-freedon 
elastic system (or elasto-plastic system) which responds to the motion of 
its support points (points of attachment to the structure). If the equipment 
is so connected to the structure that relative distortions of the structure 
can be accommodated without serious stresses in equipment and attachments, a 


desirable condition, the stresses in the equipment and forces transmitted 
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through the attachements will be primarily a function of accelerations of 
the equipment. The major problem of analysis thus is the determination of 
equipment accelerations. The products of equipment masses (concentrated or 
distributed) and corresponding accelerations represent loadings for which — 
the corresponding stresses and support forces can be found by conventional 
methods of stress analysis. 

Every system has many degrees of freedom and corresponding modes of 
motion, and the total motion Is comprised of the sum of the responses in each 
mode. Fortunately most systems have only a very few, easily recognized modes 
of predominant significance which contribute most of the response In a 
specified direction of support motion. Consequently, it usually is sufficient 
to determine the response in each (often only one) of these predominant 
modes. When it is deemed necessary to determine the response in more than 
one mode, advantage should be taken of the fact thet peak values of stresses 
and reections In the separate modes are unlikely to occur simultaneously. 
Thus the combination of values from the separate modes should be based on 
probability considerations. 

In some instances the flexibility of a piece of equipment and its 
attachments may be limited almost entirely to the latter. This would, for 
example, be the case if an electric motor were attached to the structure 
by relatively soft spring mountings. In other cases the attechments may be 
very rigid and the equipment may be relatively flexible, An examsle of the 
latter would be piping having a relatively small ratio of diameter to 


distance between points of support. 
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In many instances for which the equipment has a mass distributed 
over considerable length, or area, it Is convenient to approximate the 
distributed mass by one (or a few) mass concentrations. 

If a light piece of equipment is mounted on a mass M, and if 
the equipment mass Is so small that It does not affect the response of HM, 

In general the equipment acts like a dian subjected to a revised base 
motion, which fs the time-dependent motion of the mass M, Unfortunately, 
this sbsolute motion of M cannot be obtained from a spectrum such as . 

Fig. 10-1. However, it can be inferred that the maximum motion of M cen 
range from a minimum value of Xn 7 Up to @ meximum value of x + u, where 

Xn is the maximum displacement of the base and u., is the maximen displacement 
of A with respect to the base, though this renge is prebably tco large to 

be useful. 

Nevertheless, a value of maximum acceleration can be ebtained from 

“the spectrua, and this value provides en upper limit of acceleration for the 
equipment. Under the worst possible conditions, the response of mass H, 
which is the base of the equipment, will be a simple harmonic motion of 
magnitude corresponding to the maximum acceleration determined from the 
response spectrum. If the equipment is subjected to such an input, its 
response is a function of the ratio of the equipment frequency to the 
frequency of the motion of mass M. 

The ratio of the equipment ecceleration a, to the "structure' | 


acceleration a, ts given by the expression 
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= i (10-9) 


zi Doce 
s l- (f/f) 


where re = frequency of the equipment 


- Fe = frequency of the structure 


This relation is not valid when fo is nearly equal to Foe However, it indicates 
that the acceleration of the equipment will be less than twice that of the 
structure (or of mass M) when the frequency of the equipment [Is more than 1.4 
times that of the structure, or less than about 0.8 times that of the structure. 
In other words, high acceleration In the equipment can be avoided by not 
"tuning" the equipment to the same frequency as the structure. 

For exeenies for a structural frequency of 3 eps and the response 
spectrum of Fig. 10-1, the equipment acceleration will be less than 5g, 
provided that the equipment frequency is less than 2.4 cps or greater than 
4.2 cps. This frequency range may be avoided by appropriate shock mounting 
of the equipment, or It may have been implicitly avoided by the very nature 
of the equipment Itself. 

10.5.4 Response of Light Equipment Hounted on Building Frame 
Members. For equipment mounted on the bottoa floor, if the floor is supported 
directly on rock, or for equipment near points of support such as columns 
(for vertical motion), the equipment will be subjected to the same intensities 
of input motion as is the base; consequently, the response spectrum drawn for 
the base input motions should be used directly for the equipment. However, 
if the equipment is mounted on interior elements which are themselves 


flexible or which may become plastic, the response Spectrum for the equipment 
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should be modified because the equipment base is now sibjeeved to a revised 
input motion which is, in fact, fie absolute motion of the structural element 
to which it is attached, 

Only preliminary studies are available for this problem, They 
indicate that, for frequencies outside the range in which the structure or 
structural element becomes plastic, the part of the structure which acts as 
a base for the equipment responds in the ane manner as if the structure 
teneined elastic. However, this motion is now different from the original 
structural base motion, and the response spectrum of ‘ie equipment is thereby 
affected, 

At the present time it is net possible to develop a simple, generally 
applicable design procedure for the equipment mounted on flexible interior 
elexents without a complete analysis of the system consisting of the structure 
and the equipment. It is therefore recommended that each problem of this 
type be considered individually using the more rigorous procedures outlined 
in paragraph 10.6. 

10.5.5 Shock Effects on Heavy Equipment. The procedures described 
above for determining the response of light equipment are not unreasonable, 
although in some circumstances the response may be even greater because of 
resonance. One should avoid particularly a frequency of the equipment 
equal to the frequency of the member on which it is mounted. When the 
equipment is heavy, however, there is a feedback mechanism in which the 
response is less than it would be by the methods described above. This 


problem is under study. No definitive analytical means are yet avallable 
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. for handling the problem in a simple fashion. Consequently, it is recommended 
that the same procedures be used as for light equipment, although it is 
recognized that such procedures may be over-conservative, In special cases, 


an analysis can be made of the actual system. 


10,6 THEORETICAL APPROACH FOR COMPLEX LINEAR SYSTEMS 
| In general, the analysis for a mul ti-degree-of- freedom system 

subjected to blast shock can be made analytically with a procedure which 
involves a number of steps as follows: | 

(1) For the complex system, find the modes and frequencies. For 
each mode find the stress, or other quantity desired, at the point considered. 

(2) If the system is one which is subjected only to base motion, 
find the excitation coefficient for each mode. This is defined as the 
expansion of a unit deflection of all the masses, in the direction of the base 
motion, into a series of modal deflection shapes. The excitation coefficient 
is the coefficient of the particular modal shape in this expansion. For other 
kinds of input motion, the excitation coefficients have to be defined in a 
different fashion. This is not discussed here, 

(3) Now determine the response spectrum for the quantity desired 
for a single-degree-of-freedom system, 

(4) The modal response is then determined as the product of the 
stress, or other specified quantity in each mode, times the excitation 
coefficient fer that mode, times the response spectrum value for the frequency 


of that mode. 
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(5) The maximum response of the system for the particular 
response quantity that is desired is less than the sum of the modal maxima, 

(6) For a system with several degrees of freedom, the actual 
maximum response will not ordinarily exceed greatly the square root of the 
sums of the squeres of the meal responses. Even in a two~degree-of- freedom 
system the excess wili be less than thirty percent. Consequently, the root 
mean square value can be used as a design basis rather than the sun of the 


modal maxima, particularly where the number of modes is three or greater. 
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FIG. 10-2 COMPONENTS OF GROUND MOTION 
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FIG. 1O-3 RESPONSE SPECTRA 
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FIG.IO-4 INELASTIC FORCE-DISPLACEMENT RELATION 
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(b) Equivalent Elosto-Plastic Relation 


(a) Actual Relation 
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LOAD-DEFLECTION RELATION BY 
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FIG. 10-8 ACCELERATION CORRESPONDING TO DESIGN 
FORCE DISTRIBUTION OVER HEIGHT OF 
BUILDING FRAME 
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CHAPTER 11, ARCHITECTURAL CONSIDERATIONS 


11.2 GENERAL APPROACH 

In planning F facility to resist the effects of nuclear weapons, 
consideration must be given to the following factors: (1) the immediate 
nuclear and thermal radiation; (2) the shock transmitted through the ground; 
(3) the blast forces; (4) the radiation from fallout and the Induced radia- 
tion resulting from the immediate neutron effects on materials, Because of 
the increase in weapon ylelids and potential devastation by these factors, 
it is becoming increasingly necessary to consider the design and construction 
methods for buried protective structures. For this reason most of the 
emphasts In this section will be on underground structures, However, as 
there will still be some cases where above-ground hardened facilities must 
be provided, this type of construction will also be covered from the stand- 
point of doors and entranceways, architectural and structural details, 
foundations, and cost comparisons. 

Shielding criteria and the relative merits of various structural 
materials as a means of reducing radiation will not be discussed in this 
section. 

Totally buried structures and those partially burled with a mounded 
earth cover are obviously more readily concealed and are less susceptible 
ts flying debris. The earth cover Is less efficient than heavier structural | 
materials as a protecting medium against radiation but it is usually the 
most economical material for this purpose. The increased earth cover 


decreases the effective loading under given blast conditions and, in addition, 
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blast reflections and drag forces are considerably reduced by the 
silhouette of the mound. | 

Naturally there are disadvantages in using buried structures 
in preference to surface structures. Among these are the difficulty of 
providing easy access, the problem of possible ground water leakage, and 
the necessity of providing artificial ventiiation even for normal conditions 
of use. Yet, in many instances, the underground structure maintains an 
advantage over the surface structure, 

Under certain conditions, it might be found justifiable to make 
use of existing tunnels and mines or newly excavated end reinforced tunnels. 
It has been reported that there are hundreds of millions of square feet 
of mine space suitable for shelters. 

An additional factor in planning a facility which may be significant 
Is the possibility of fire conflagrations or 'fire-storms'' In the area of 
the shelter. It was learned in World ay II that many people died in 
shelters under such conditions due to CO poisoning or suffocation. 

It is essential also that careful consideration be given to the 
selection and- design of the utility system and services that are 
necessary to insure full operational capability of the facility at all times. 

After considering function, importance of operation, damage to 
what items and to what degree would constitute "failure", and probabilities 
of attack and survival, it is then necessary to compare relative costs of 
alternate types of structures in order to make the best selection for the 


particular conditions. 


This section will include discussions and recommendations for: 
entranceways, aside: ventilation and blast-valves, Foundations and sealing, 
structural details, miscellaneous architectural considerations and costs. 

Much of the material was taken directly from Ref, 11-2, as this 
was believed to be the best available source presenting a comprehensive 
and concise discussion of the items listed above, Additional references 


are listed at the end of this chapter, 


11.2 ENTRANCEWAYS 

Where it is possible to do so, entrances should be shlelded such 
that radiation and reflection of the blast will be a minimum. Right angle 
turns in entranceways are effective in attenuating radiation but a continuous 
entranceway, preferably a ramp, which can be entered from either end has 
the advantage of no reflecting surfaces and consequent "pressure-traps", 

If below the water-table, the entranceway may encounter the same 
problems of drainage and waterproofing as discussed in the section on 


Foundations", 


11.3 DOORS 

11.3.1 Protective Doors. The intended function of a protective 
installation may be achieved or lost according to the attention that is 
given to the doors, It cannot be overemphasized that doors, particularly 
large doors, represent a major structural-mechanical design problem, and 
that door requirements often may influence the type or proportions of the 


main structure. Door proportions may be such as to significantly affect 
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the structural integrity of the basic structure, as in the case of domes. 
Careful study of this problem is further necessitated by the fact that the 
total cost of a large door, including its mechanical and electrical 
components, can represent a significant fraction of the total cost of the 
protective installation, It follows that door studies should be initiated 
at the outset of the over-all planning and design, As a corollary, the 
reviewer of @ proposed protective installation should scrutinize the door 
provisions most carefully. 

It should not be inferred that every door requires detailed design 
study. On the contrary, small doors, particularly those which are not so 
located as to experience all of the weapons effects, should be standardized 
types whenever possible. Such small doors occur frequently throughout the 
field of protective construction (in most cases 8s emergency personnel 
exists), and standardization is highly desirable to intel Ze conte end 
construction delays, For personnel entrances or emergency exits in under- 
ground structures, closures of the type used in bulkheads of ships or of 
the type used in submarine hatches may be adequate, 

11.3.2 Types of Doors. In general, doors may be classed in 
accordance with their attitude: either horizontal, vertical or inclined; 
and with respect to their method of opening: sliding or rolling, hinged on 
one side, or opening from hinges on both sides with a joint down the center. 
A third method of classification involves the configuration: whether the 
door is flush with a surface, or in a recess where, under certain conditions, 
advantage may be taken of the containing element in supporting the door 


when it is subjected to blast forces. 
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There are advantages and disadvantages in each type of con- 
figuration, method of opening, or attitude. Horizontal doors have the 
advantage that they are subjected only to side-on overpressures whereas 
inclined or vertical doors may be subjected to the much higher reflected 
pressures rising from a blast. On the other hand, horizontal doors may 
have to be larger than vertical doors to provide entrance to certain items 
of equipment or personnel although they may have advantages in openings 
for missile silos where only a vertical ingress to or exit from the . 
enclosure is needed, 

Sliding flush doors have certain advantages in mechanical 
simplicity although some difficulties are presented with regard to the 
exposed free edge in the direction of the sliding opening. Such a free 
edge is exposed to blest forces and drag. pressures for which provision 
must be made in the supports of the door. Difficulties are also en- 
countered in providing for the seals against blast pressure anc dust. 
Provision must be made for removal of debris either by the door itself as 
it slides forward,or through auxiliary means in order to permit opening 
of the door when the surrounding area is covered with the debris resulting 
from a close-in burst. Some of these disadvantages are overcome by doors 
which swing on hinges of the single or double-leaf type, Such doors may 
be made to be practically self cleaning of debris, but generally require 
more careful attention to detail in the mechanical arrangements at the 
hinges than do sliding doors. Special provision must be made in double 
leaf doors for the sealing of the enclosure where the free edges meet. 


The relief of the hinges from blast loading also presents mechanical 
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problems which can be solved, although not simply. Doors which must remain 
open for operations in severe wind storms present additional problems, Flush 
sliding doors provide less resistance to winds and iess turbulence in the 
region of the enclosure than do doors which stand up in the wind stream when 
they are open. 

Vertical doors may also be hinged or may slide, Sliding vertical 
doors are usually supported at their bottom surface, Hinges for vertical 
doors are usually most conveniently provided at the bottom so that the door 
swings open as in a drawbridge, or at the top in which case the door may 
swing either outward or inward. However, heavy doors are difficult to 
swing from hinges at the top and to support when they are closed, 

In addition to the door types discussed Sieve there may be other 
unusual types of doors that may offer many special advantages for particular 
uses. For very high overpressures, doors may be used which are relatively 
thick and slide into place against a solid wall so that the door itself is 
not subjected to high stresses under blast conditions. When the door is slid 
to one side into a pocket, a right-angled entranceway is formed which may 
be adequate for personnel and for small vehicles but is generally not 
capable of being made adequate for large vehicles or equipment. Other types 
of doors may involve plugs of rock or earth which can be removed after a 
blast, but not quickly. Such doors would not ordinarily be adequate for 
installations which require a short reaction time. Other energ, absorbing 
doors such as doors involving masses of water or mechanical energy 
absorbers may find particular uses. In general such doors involve a great 


deal more complexity than do simpler and more rugged, although possibly 
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more massive, doors. 


11.3.3 Functional Requirements, 


(a) Existence of Alternate Openings of Similar Function. 


Is the iAeceiAeion such that more than one opening Is desired under day-to- 
day or attack conditions? If necessary, can the installation function after 
an attack with less than the total number of doors operable? If so, cén 
alternate openings be oriented to avoid or mintmize the probability of full 
weapons effects at all locations? 


(b) Exposure. Is the opening at an exposed (i.e., surface) 


location or is it within a tunnel or other shielded location? In the latter 


case some weapons effects (thermal, radiation, reflection increments to shock 
pressure, dust and rubble) may not have to be taken into account in the 
door design. 

(c) Day-to-Day Function, Does the door have to operate 
fairly frequently, in day-to-day functioning of the installation? Only 
infrequently? Only rarely (as a check on readiness)? 

(d) ‘Time Available for Operation, What is the maximum 
time that can be permitted for door opening and for door closing under attack 
conditions? In day-to-day operation? 

(e) Number of Post-Attack Operations. Is it only required 
that the door survive one attack, or must the closing-survival-opening cycle 
be guaranteed through several succes. ive attacks? 

(f) Orientation Requirements, Is the purpose of the open= 
ing such that the door must be horizontal? Or vertical? Or can the 


orientation be selected to minimize door loading without regard to function? 


11-7 


a rt ere nee Te eet) ORES TE ent camel Ee pe seme me 


(g) Susceptibility of Instaliation Contents to 


Various Weapons Effects. For the human or material contents of the 
installation, is protection required against all attack effects (blast, 
heat, radiation, chemical and biological contamination)? Are the contents 
insensitive to one or more of these effects? Is the occurrence of one or 
more of these effects deemed improbable? 

(h) Required Size and Shape of Opening. Although size 
and shape of opening are obvious criteria, it seems necessary to emphasize 
that an underestimate of these requirements may impair the function, and an 
over-estimate will needlessly increase costs. 

(i) Operational Limits on Position of Opened Door. To 
avoid interference with operations, are there limitations on positions of 


the opened door? 


11.3.4 Important Door Characteristics. 

(a) Strength and Stiffness. If some plastic deformation 
can be accepted, this will reduce the strength required to resist the giver 
blast pressures. The extent to which such deformation can be tolerated 
depends not only upon the failure mode of the door but also upon the influence 
of distortion on subsequent operation, In particular, excessive distortion 
may jem the door so that it cannot be opened, or cannot subsequently be 
closed; may break joint seals or make a tight seal in subsequent closing 
impossible, Also, due to the door's large mass, latches and hinges may be 
severely damaged by the force of the door in motion due to ground shock, 

(b) Weight. The required thickness may be governed by 


required resistance to radiation effects, in which case the weight may not 
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be subject to measurable control by skillful structural design, when 
thickness is’ governed by blast loading, however, the weight may vary 

widely with door form (dome, slab, etc.), method of support (full perimeter, 
two-edge, points, etc.), materials (steel, concrete, or combination), 
internal structure (solid, cored, sandwich). 

The size and cost of mechanical components of large doors may be 
very sensitive to the weight of door structure, This would be particularly 
true in those door types coe which the (unbalanced) mass must be lifted. 

It is to be noted that the cost of mechanical-electrical components 
(trunnions, rollers, jacks, power cylinders, linkages, gears, motors, 

tracks, etc.) may be a large fraction of the total cost. Accordingly, an 
increase in cost of door structure to reduce weight, may reduce the over- 

all cost of a large door, In addition, reduction in weight of door structure 
may be significant in terms of reduced power requirements, 

(c) Shape of Exposed Surface. In many cases, the most 
appropriate solution of the door structure is a flat slab of concrete or 
steel, and the major exposed surface is a large flat plane, For more 
effective use of the material, dome types also have been considered, In 
the latter type much of the inherent strength advantage may be lost because 
of a more severe loading associated with reflection and drag effects on the 
dome surface, in contrast with loading on the plane surface of the slab 
type. This difference in loading is particularly pronounced when the slab 
type door is recessed to make its outer surface flush with the outer surface 
of the main structure, This arrangement is particularly effective for 


horizontal doors (vertical entrance) designed for resistance to the blast 
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effects of g surface Lurst. in this situation the two advantages achieved 

Ly @ flush susfece (with adequate sealing of the perimeter joint) are: 
elimination of reflection effects in the Llast loading; elimination of forces 
in the door plane due to drag and due to blast pressure on the vertical 
edges. when the door must be vertical (horizontal entrance) the dome shape 


is not at a disadvantage with respect to forces normal to the plane of the 


protected opening; however, it is less satisfactory than the recessed slab 


type with respect to forces in the plane of the opening. 

Door designs of the dome type where the door is actually an integral 
part of a structural dome are teing investigated at this time. The basic 
Idea is for the door to be a spherical segment with rib edges which meet 
and attach to ribs at the jambs to assure structural integrity and transmit 
moment and direct stress. A connecting device similar to this has been 
built at the David Taylor Model Basin to hold the cover on a tank 12 feet 
in diameter at pressures up to 1500 psi. 

It has been suggested that large doors designed for high over- 
pressures may be of the ''catenary-arch"' type to prevent excessive horizontal 
thrust to the vertical ribs on arch structures as in the case of dome-shaped 
doors. This do-r consists mainly of a vertical end rib of the same shape as 
the main arch -‘b and a horizontal rib of the same shape at ground level. 
Curved plates, passibly of a double-membrane for energy absorption, are 
suspended between these two ribs providing catenary-arch action to resisi 
loads primarily by membrane stresses. Earth cover would be virtually 
impossible, though, and horizontal forces to the vertical-rib due to 


reflection and drag pressures could still be a serious problem, 
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id) Deoree ot Protection Attorded Door Mechanism, 

Exposed parts of a door mechenism may be damaged, and the door rendered 
inoperable by heat, feagment m ssiles, rubble, or dust. whether one or 
more of these hazards must be considered depends upon door location (at 
surface or well within a tunnel or other shielding), nature of adjacent 
terrain surface, proximity to other buildings or equipment which might 
furnish esqaent missiles, and assumed weapon size and range. 

When these hazards ere present, preference should be given to 
designs which place all of the door mechanism within the protected space, 
In general, such complete protection is feasible, In the rare case of 
doors so enormous that a practical method of operation must involve rolling 
on exterior tracks, the protection of these elements may be a major problem, 

Protection of the door mechanism involves not only the direct 
weapons effects listed above but also the effects of the very large forces 
transmitted by the door structure, and the distortions and motions which 
the door structure may experience. Door forces during blast are very much 
larger than dead weight forces. Thus, while the mechanism can be designed 
to work against the latter, it is not feasible to provide even static 
resistance to the former, For this reason, and because resistance to 
distortion and relative motion requires large mechanism forces, the operating 
mechanism should be isolated from these forces and motions when the door 
is in the closed position. Support for the closed door structure should be 
independent of the trunnions, rollers, struts, and other elements of the 
door mechanism. In addition, the mechanism must be resistant to the effects 


of ground shock, 
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(e) Reliability of Mechanism Power Source, Small blast 


valves and doors may incorporate integral power sources in the form of . 
compressed springs, explosive cartridges, and power cylinders. Because of 
the small door mass in these cases, the power requirements are small and 
emergency hand-operation often may be provided, 

Large doors often require very large power expenditures for short 
periods of time. For day-to-day operations, this power can be drawn from 
a central source, even a source exterior to the installation. In such 
cases, however, a parallel standby power source should always be Provided 
within the protected space, Consideration should be given to the use of 
hydraulic-pneumatic power systems which have the advantage of requiring 
relatively small electric power input to a pressure accumulator, 

In some cases, it may be possible to utilize counterweighting to 
reduce the power required for door operation, In other cases, gravity forces 
may be employed to open (or close) the door without power input. 

(f) Reliability of Warning and Trisgering Devices. It 
is essential that remote warning devices and circuits be provided to 
inittate door closure, and that these provisions be matched with the door 
closure time, Consideration should be given to ''fall safe" circuitry 
which will initiate door closure in the event of failure or malfunction of 


devices or circuitry. 


11,4 VENTILATION ARD BLAST VALVES 
Ten cfm per person is generally regarded as sufficient fresh-air 


requirements for personnel for prolonged "buttoned-up" periods. For short 
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periods of a few days, it may be as low as three cfm per person if little 
physical activity is required, but supplementary odor removal equipment 
would be required. In the event of a prolonged attack, or prolonged high 
radiation above the filtering capacity, ''fire-storm', or the presence of 
gas, an independent air source must be on hand to provide minimum personnel 
needs for extended periods of complete shelter sealing. 

Vents for air intake and exhaust provide the same problems as 
doors if closures are to be provided. It is very simple, however, to provide 
protection for covers over small openings even for high overpressures, A 
"poppet" type closure valve has been tested and has functioned satisfactorily 
at overpressures up to 100 psi with no appreciable damage. To be effective, 
the valve must close before or immediately after the arrival of the shock 
wave, and it was learned that larger valves don't operate quickly under 
short duration blasts due to the inertia of the moving parts. Although 
large valves may be complex and expensive, they permit ventilation during a 
prolonged threat and after attack, They are obviously more economical 
than fullyeenclosed air purifying units such as are used on submarines, 
Important closure features are: (1) closing time; (2} pressure level that 
must be withstood; (3) control of pressure build-up and radioactive intake 
during all phases of an attack. A latching device would probably be needed 
to retain the disk in a closed position when negative pressures could damage 
equipment or collapse ductwork, Also, it should remain losed until the 
radiation level is tolerable, Inspection and operating maintenance of the 


valve would be essential. 
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For very small ducts, it may be possible to allow the blast to 
pass through into the structure by reducing the blast pressure by means of . 
a perforated straight pipe, or preferably, a perfurated pipe plus a housing 
("muffler'' type). These are much more efficient attenuators than right- * 
angle bends in a duct or pipe system and they are indifferent to orientation. 

In many cases, a large bed of sand may be used to attenuate blast 
pressures without providing a mechanical closure. Such expedients may be 
desirable for air-supplies to power generating equipment, particularly 
where housed separately from personnel. 

Pressures transmitted through ducts may be computed by means of a 
procedure given in Ref, 11-12, 

To preclude chemical, radiological or biological contamination, it 
is necessary to filter outside air drawn into the facility. It will not be 
necessary to filter air for combustion engines if such air can be in an 
isolated circuit. If the blast pressures can be adequately attenuated in 
the duct system, delavivewy inexpensive filters might be used for fallout 
protection. Commercial fiberglass filters will only show moderate damage 
at 0.5 psi; AEC filters will show moderate damage at 3.0 psi and no damage 
at less than 2.5 psi. A series of such filters may provide an extra safety 
feature in that such filters also reduce the pressure, Electrostatic 
filters can withstand higher pressures and are effective but they are more 
expensive and require a constant power source. Under subsequent blast load- 
ings, electrostatic plates lose most of their original dust holdings. For | 
BW and 2W protection, standard Chemical Corps filters are used. These may 


be preceded by ordinary dust filters in order to prolong their effective 
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life but use of more complex and repeated filtration is not warranted, 


11.5 FOUNDATIONS AND SEALING 

Very little information is available on the design of foundations 

for structures subjected to blast. The usual criteria stated in terms of 

S allowable footing pressure or allowable pile load are not applicable. The 
soil generally has greater shearing strength or bearing capacity under high 
speed loading than under static loading; a bearing failure corresponding 
to overturning of a wedge or cylinder of soil beneath the footing is 
partly resisted by the inertia of the large mass of soil that must be moved, 
Botn of these factors should be taken into account. Moreover, one must 
note that the blast loads a large area of soil nearly uniformly to pressures 
sometimes considerably greater than those allowed by static design con- 
siderations. The presence of this loading affects the bearing capacity 
for additional load, but does not necessarily reduce it. 

In no case is it necessary for blast loading that the total area 
of the footings supporting the walls and columns of a structure ieasd the 
area of the roof. At the worst, even in a soft soil, the structure can be 
built as a box with a base slab of the same strength as the roof, Such a 
structure will behave in the same way as the surrounding soil in general, 
regardless of the blast pressure to which it is subjected, 

Where the structure is founded on or in a cohesionless material, 
or even a moderately stiff but unsaturated cohesive material, the area of 
the footings may be considerably less than the area of the roof. In such 


a soil, the resistance to penetration of the foundation increases with the 
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movement as friction develops in the material, If moderate amounts of 
motion are permissible, no special provision for bearing pressure under 
dynamic load need be made. However, the foundations must be adequate for 
the static load at the usual allowable soll pressures. 

As a rough guide in proportioning foundations for cohesionless or 
stiff unsaturated cohesive materials, It is permissible to neglect for 
dyriamic Teading the uniform pressure equal to the applied surface loading 
on the ground since this uniform force would act even if the structure were 
not present. To provide for the additional pressure above this value, design 
the footings for twice the usual static allowable values. 

For soft or seturated materials, the provision that the total foot- 
ing area be equal to the roof area may be used, However, care should be 
taken that individual footings be preportioned to maintain a uniform bearing 
pressure, There will be little or no shear on the ou: *r edges of the footings 
at the walls due to the balanced dynamic loading above and below the footing 
projection, but the shear as a result of the dynamic loading through the wall 
to the footing must be considered, 

In the case of ebove-ground structures, additional resistance to 
overturning is gained to some extent by the exterior yaliorostlng cantilever, 
if large, as this "lip" on the windward side would be lozded before the 
corresponding areas on the opposite side of the structure. If the projection 
is large enough to be significant in this manner, then it would have to be 
designed to withstand the resisting moment. In most cases, sliding of the 


foundation will not be a problem, 
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If the water table is sce the structure, the floor slab 
should be separated from the side walls, and it should be designed to 
support the floor loads resulting from the use of the structure. 

When the water-table is above the floor of the structure, the 
floor must be supported by the side walls to resist the static uplift pro- 
duced by the water pressure, Since the side walls support the floor in 
this case, the side walls also transmit the total dynamic roof force to the 
floor, Therefore, in this case, the floor essentially becomes part of the 
footing area as described sbove and should be designed for the same forcing 
function as used in the roof design, 

Where the floor slabs are not integral with the walls, and where 
construction of contraction joints is necessary, sealing is a common 
problem, Sealers may have to withstand excessive deformations and high 
pressures, The most common sealers today are elastomers whose tolerance 
to radiation is being studied, Other sealers are asbestos, rubber, metals 
and pneumatic seals, the last being effective for sealing large clearances 


but of questionable reliability under severe conditions. 


11.6 STRUCTURAL DETAILS 


Since structural elements In a blast-resistant structure are 
required to develop thelr full plastic strengths, particular attention must 
be paid to what are ordinarily considered details as discussed here for 
concrete and steel construction, It ts emphasized, however, that these 


so-called details are extremely important In developing dynamic resistance, 


1-17 


een eet cP 2 en pe a SRR NN A ER I Am Nya 


Reversals of stress and reaction direction may occur, Accord- 
ingly, unless otherwise specified by analysis, all members should be de- 
signed to have rebound strengths of at least 25 percent of the Ademal 
design strength specified by the blast loading. 

11.6.1 Concrete Construction. Reinforced concrete is an ex- 
cellent material for bilast-resistant construction. It has large mass, 
inherent continuity and assures lateral strength. In addition, it has 
good shielding properties and is the best material for rigid shear and fire 
walls, Curved concrete structures have become more competitive with the 
increased use of pneumatically applied concrete. Strict attention must 


be paid to details in order to assure continuity, ductility, and resistance 


to loads in either direction, Thus continuity of reinforcement by adequate 


lapping or welding is desirable, but welding may be difficult for certain 
steels. Shear reinforcement, which is more necessary in blast-resistant 
construction than in ordinary construction, should be perpendicular to the 
axis of the member since inclined stirrups or main bars designed to carry 
shear become planes of weakness if the direction of loading or bending is 
reversed, Doubly-reinforced members with the reinforcing adequately tied 
have much more ductility than singly reinforced members and, accordingly, 
offer great advantage for blast-resistant construction, Joints are 
particularly important, They should be detailed and fabricated in a way 
which will insure ductile behavior of the completed element, Further, 
the ultimate strength of the least strong connecting element should be 


developed in the joint, if at all practicable, This would include the use 
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of diagonal bars across the joint to resist shear. In no case should 

the amount of reinforcing used on any fee of the beam or slab exceed two 
percent of the cross sectional area of Secale in order to avoid 
brittle behavior. Further, if other than billet steel bars of structural 
or intermediate grade are used, particular attention must be paid to avoid 
brittle behavior. 

11.6.2 Steel Construction. Steel also can be used very éeonomtcally. 
for certain types of blast-resistant construction, Arch or circular sections 
for underground construction, steel beams for composite construction, high 
strength columns, and steel doors for personnel or equipment entrances are 
elements which may be more economically constructed of steel than of rein- 
forced concrete, 

Ductility, continuity, and development of full plastic strengths 
at joints are also recommended for steel construction, Fully continuous 
beam-to-column connections also assure the adequate transfer of lateral shear 
without excessive distortion at the connection, Steel members designed for 
maximum plastic resistance should be able to experience large deflections 
without reduction in load capacity. 

In the design of vertical members of continuous frame construction, 
fixed column bases, if combined with a suitable strong foundation, will 
increase the plastic resistance of the entire frame. Continuous welded 
frame construction has several times the plastic lateral strength of a 
corresponding truss-frame and the use of heavier roof construction increases 


the dynamic lateral resistance, In addition, if the column top is 


SIO EEE TIT ERR, AT RE ARNE A RN IPE EST eh gh ct 


restrained against rotation about both axes by members that frame in 

both directions, the plastic strength capacities of te column will be 
increased by reducing tendencies toward lateral buckling, Diagonal 
stiffeners can be used in corner connections to prevent large local angle 
change between coanee tine members due to shear yielding. 

Though not likely, there may be cases where a structure is designed 
to resist an anticipated blast level while permitting the possible destruction 
of frangible panels. The use of such light panels over a steel frame 
vievuatly "levels-off'' the peak blast load to the extent that the drag 
force on the frame becomes the significant design criterfon. With such 
construction, it should be noted that long, slender columns would undergo 
local bending along with the stresses and distortions from translation 
and vertical forces. Fire protection may be a problem since exposed, 
loaded columns and trusses can collapse when directly exposed to fire for 
only 10 - 15 minutes. 

Above-ground steel frames can have their effective lateral 
resistance increased by the simple, though sometimes awkward, expedient 


of wire-cable "stays", 


11.7 UTILITY SYSTEMS 


In this section, attention is called to the more important utility 
systems and building services that must be considered in the design of a 
hardened facility, and particularly pertinent summary recommendations are 


presenied. For a comprehensive discussion of these items, the reader is 
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referred to Sec. 5.7 of Ref, 11-2 in which detailed consideration is given 
to all aspects of utility needs, including electrical power, heat units, 
air supply and conditioning, water supply and ssaiiatton needs, and fire 
“sy protection. 
11.7.1] Utility Service Loads, Unnecessarily high utility loads 
“ result in oversized and costly equipment, consequently additional space and 
emergency standby material, An overestimate of equipment cooling requirements, 
for example, will pyramid into oversized and costly refrigeration and ventila-= 
tion equipment, electric power equipment and excess emergency storage of 
ice or cooling water. The following factors are important: 
(a) Ventilation, (See recommended requirements under 
section ''Ventilation and Blast Valves''.) 
(b) Refrigeration. Cooling: vequivencnts for all equipment, 
particularly electronic, should be carefully established in order not to 
require excess cooling capacity. This problem is critical enough to war- 


rant the acceptance of upper limits of operating temperatures. Above- 


ground cooling towers which are exposed to blast will be lost at relatively 
low overpressures. They should be backed up by appropriately sized ice 
or water storage which will provide sufficient cooling to permit emergency 
operation of equipment, In some cases, surface water reservoirs may be 
adequate, 

The air-cooling loads must be reduced to account for tolerable 


temperature rise during "buttoned-up'' periods and for losses to 
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surroundings, particularly in the case of under-ground installations in rock, 
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(c) Heating and Air-Conditioning. Normal comfort 


(i.e. 75°F, 50% to 60% relative humidity) should be maintained for ™ 


personnel for peace-time operations; but considerable, though not extreme, 
discomfort is acceptable during 'buttoned-up" operations (S0°F to 90°F, : 
20% to 80% relative humidity). 

(d) Door Opening wechani sm: Since the opening of a door 
must be certain, and in many cases in a short period of time, use of 
hydraulic and pneumatic accumulators should be considered to minimize power 
requirements and to insure reliability of power for opening. 

11.7.2 Water Supply. The absolute minimum water supply is one 
gallon of drinking water per man-day. It is recommended, however, that a 
minimum supply of 10 gallons per man-day be planned for the "buttoned-up" 
period and a more normal requirement is 100 gallons per mane-day, Water 
may also be required for ifidusteial or cooling purposes and for sanitary 
flushing, The latter will normally amount to 10 gallons per man-day. 
Chemical toilets can be provided as back=up during "“buttoned-up'"' periods 
in order to provide greater water supply for other uses. Water supply is 
generally best obtained from wells within the protected Installation, If 
wells within the installation are not feasible, water-well fields should be 
provided with blast-resistant construction and a certain power source for 
pumping. 

11.7.3 Water Storage. Storage of water for both domestic and 
industrial purposes will generally be required, Storage of domestic water 
and a portion of the industrial water should be located within the installa- 


tion protected against blast, chemical, bacteriological and radiological 
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SyentS. * portion of the water for industrial purpuses wisy be located in 
surface reservoirs if contamination from falluut can be accepted in this 
system, 

11.7.4 Lighting, Electric Power. Lighting should be provided at 
approximately 40 foot-candles in administrative areas, and may range from 
5 to 50 fout-candles in other areas. A portion ot the lighting system 
shouid be on an emergency circuit with automatic transfer switch. tortable 
emergency Lighting units of the rechargeable battery-powered type should be 
provided in areas of heavy personnel cuncentration and areas of critical 
functions, For communication and other operational facilities which reguire 
large generating capacity and especially close power regulation, diesel 
engine and nuclear powered generators should be studied as the primary 
source of power. 

11.7.5 Sanitary Sewers, The sewerage system should be designed 
so that the contaminated wastes may be delivered to a treatment facility, 
or in the event of its destruction, to a dumping area in such a manner that 
blast and chemical, bacteriological and radiological agents cannot enter the 
protected installation through the pipe. Check valves should-be used if 
possible, Auxiliary chemical toilets should be provided. 

11.7.6 Fire Protection. Fires in confined spaces are difficult 
to control and likely to be devastating. Accordingly, all precautions 
against the initiation and spread of fires should be taken in the planning 
of the installation, Areas which contain equipment or operations of extreme 


fire hazard should be isolated from others and the spread of fire and/or 
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fumes controlled by adequate blast and fire doors. Careful attention must 
be paid to all paths between areas, including ventilation, ducting, etc. 
Non-toxic hand fire-fighting equipment should be available, 

11.7.7 Equipment Mounting, Utility Connections. “one pdaration 
must be given to anaee mounting of all equipment,. Generally, items which : 
must remain in the same relation to each other should be mounted on a common 
rigid Base The base itself may be shock-mounted, Where relative motions 
can be anticipated, bends can be put in piping, slack can be provided in 
electrical cable, etc. Frame aupporeed machinery (cranes, pulley lines, 
etc.) should be avoided, if possible, or designed to withstand the blast 
forces, Examination of Japanese factories in mueress blast areas showed 
considerable damage to such items. Where exterior utilities pass through 
exterior walls, provision must be made for the relative motion between the 
structure and the adjacent earth in order to avoid rupture of the pipe or 
conduit. This may be done by encasing the utility line in a larger, more 
rigid sleeve extending a short distance from the base of the structure, 

This will protect the utility line at the critical point and permit some 
bending to take place without rupture. 

11.7.8 Psychological Treatment. Ten to fifteen square feet ae 
person is recommended as a desirable standard for the size of personnel 
shelters exclusive of operational space, wirelesis’ decontamination chambers, 
equipment areas, etc, 

Acoustics may be a serious problem for personnel, particularly in 
concrete shelters with noise from operating mechanical equipment under pro- 


longed "'buttoned-up"' periods, This can be relieved considerably by the 
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relatively inexpensive wall treatment of sprayed asbestos, or similar 
acoustic material, 

11.7.9 Miscellaneous Facilities, Personnel decontamination 
facilities should be provided in at least two locations convenient to 
personnel movement. 

The following additional facilities may be found necessary: 
food storage and preparation facilities, first-aid equipment and oxygen, 
emergency communications, functtonal equipment for personnel, emergency 
gear (shovels, hand-tools, etc.), radiac equipment and radiological safety 


gear. 


As tn the case of conventional construction, the ultimate decision 
regarding the structural type to be used for a given design condition must 
be based on the relative economy of the appropriate types available. The 
desired result ts optimum protection, considering degree of resistance and 
importance of survival, within economic capabilities, 

Experience in costs of protective construction is limited to a 
very small number of actual construction projects and relatively few design 
studies. Three types of estimates may be made from data presently available: 
gross facility, limited costs and detailed costs. 

11.8.1 Gross Facility Estimate. This provides a efnaie unit cost 
($ per sq. ft.) for an entire facility, including all structural, mechanical, 


electrical elements, access, utilities, etc. It can be used only in cases 


where the facility in question is typically the same as one for which actual 
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construction cost experience is available, 
Facilities for which there are sufficient data to permit use of 

gross facility estimates are listed in Table 5-6 of Ref, 1ll-21, Cost 
experience has been adjusted to reflect fiscal year 1961 cost indices, with 
geographical or location factors of 1.0, These costs may be used in 
estimating the cost of a proposed facility only if there Is close similarity 

In all elements listed. In some cases adjustments may be possible if only 
a few elements are different. Other gross facility estimates may be found 
in Ref, 11-13, | | ! 

Layout, cost and operational data for three types of industrial 
installations (two manufacturing and one storage) have been estimated and i 
compared for the following three methods of housing: 
(a) Above-ground construction (conventional) 

. (b) Suitable existing mine. Utilization of a suitable 
mine presented no element protection problems, Cooling was generally re- 
quired where there were mechanical operations and dust-free areas were 
sometimes required, This type of installation initially cost 20 to 35 
percent more than the same installation above ground for the operational 
plants but 20 percent less for storage areas. If figured on the annual 
operating cost, this type was said to be only 2 to 4 percent over the abovee- 
ground costs, 

(c) New excavations, The same plants in under-ground 

structures requiring new excavations were 45 to 60 percent more than the 
above-ground structures in the cases of operational units and 50 percent 


more for storage only. If figured on an annual operating cost basis, this 
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type would be approximately 3 to 6 percent more than the above-ground, 

These estimates were made during the early post-war years and 
were based on limited examples of conventional (non-hardened) constructlon, 
It would seem, therefore, that if estimates were made for blast-resistant 
Installations to perform the same size and type of functions, the annual 
operating costs of the mine installations would be less than the hardened 
structures above ground, 

11.8.2 Limited Cost Breakdown, This reduces the total facility 
costs to nine elements, for each of which unit costs are provided as dis- 
cussed, This method is applicable to cases where the level of protection, 
size and general configuration of the facility are known but advanced designs 
are not available and no direct experience data are available, It will be 
the most commonly used method In review of protective construction projects, 

(A Detailed Cost Breakdown requires a near-final design for the 
facility and consists of the procedures used conventionally in cost estimat- 
ing. It will not be discussed further here, It Is, of course, the most 
reliable method, Special consideration must be given to the mechanical/ © 
electrical costs and to access requirements.) 

Table 11-1! presents a list of the major elements which should be 
included in a limited cost breakdown and suggested unit costs to be used 
in evaluating the contribution of each element. In some cases it is necessary 
to Indicate ranges of unit costs and the estimator's judgment of the 
particular case will be required to select reasonable values within such 


ranges. 
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The costs of excavation and the structure itself have been shown 
as two separate ieee because depth of structure can vary over a wide 
range and excavation costs rise rapidly with depth of cover. The separation 
of the first three items of Table 11-1 requires that the estimator start 
with a minimum design eobceAt: This concept must include the following 
items: type and sige: oF Baste structure, and depth of cover, From these 
he must determine at least approximate excavation and fill quantities and 
size of entrance structure. Figures 1l-1 and 11-2 show the variation of 
cost of base structures as a function of type of structure, Figures 11-3, 
11-4 and 11-5 show the variation for a particular structural type as a 
function of span or column spacing. 

The additional costs of stairs or ramps in mounded or buried con- 
struction is to be included under Item 3 of Table ll-1, These items can be 
almost as costly as the basic structure, (Ref, 11-4) particularly when the 
basic structure is relatively small, Figures 1l-1 and 11-2 are alike 
except that the curves of Fig. 11-2 include costs of entrance structures 
whereas Fig. ll-1 does not. For larger structures of a’ given type the cost 
of entrance structure should not increase appreciably with size of structure, 
any increase being primarily due to increase in depth of cover (if any) 
required by the larger basic structure. For example, a buried rectangular 
structure can be increased in size (plan area) without increase in depth 
of cover, and therefore without increase in cost of entrance structure. 

On the other hand, taerease in the size of a buried dome requires an in- 
crease in the distance from the surface to the basic structure which must 


be provided for by the entrance structure, Thus the cost of entrance 
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structure sust be increased in this latter case, To obtain an estimate 

of entrarce structure for a structure of different size than is represented 

by the curves of Figs. ll-l and 11-2, the following approach is suggested, 
« (a) By subtracting cost on the appropriate curve of 
Fig, ll-l from the corresponding curve of Fig. 11-2, a cost-of-entrance- 
structure per square foot af the basic structure for which these curves are 
drawn is obtained. 

(b) By multiplying the figure obtained in “a'' by the area 

of the corresponding basic structure (listed in Fig, 11-1), a cost of 
entrance structure is found corresponding to the size of basic structure 


represented in Figs. ll-1] and 1l-2, 


(c) The cost found in ''b'' must be multiplied by the ratio 
of entrance size for the structure of interest to the entrance size for the 
structure represented in Figs. ll-1 and 1!l-2, 

| Figure 11-6 gives approximate costs of protective doors, per square 
foot of opening, as a function of pressure and size, The cost curves also 
consider the attitude or orientation of the door in terms of whether it will 
be subjected to side-on or reflected pressure. Costs of stairs, ramps or 
other access are not included in Fig. 11-6, 
11.8.3 Principal Factors Affecting Costs. 

(a) level of Protection. The strength and cost of 
structural components must increase with the overpressure level to be resisted, 
and the results of design studies of cost often have been presented in the 


form of cost factors vs. design overpressure (Refs, 11-4, 11-5, 11-6), The 
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cost factors may be dollars, or dollars per square foot, or ratios of cost 
at given overpressure level to cost of conventional (non-hardened) con- 
struction, When data given in this form are intended to reflect total costs 
(structural, mechanical~electrical including air conditioning where required, 
etc.) they must necessarily be more approximate and less reliable because 
total costs cannot be expressed as simple functions of overpressure, On the 
other hand, data of this kind covering only the structural costs, and for 
specifically defined structural types, can be sufficiently accurate to be 
useful if properly combined with estimated costs of the appropriate non- 
structural items, When dollars per square foot are presented as the cost 
factor, the estimator should make certain that the areas used In computing 
such factors correspond to areas which are useful for the intended function, 
For example, in arch and dome construction perimeter areas may have to be 
discounted because of insufficient head room, 

It is noted that overpressure is not always the governing factor 
in costs from the point of view of protection level, In particular, for 
surface structures designed to low overpressure levels, protection against 
radiation hazards (in the form of minimum thicknesses of structural components 
and provision for air filtering) may be much more important than overpressure 
levels, 

The increase in structural resistance to blasts of an underground 
Structure plus the economy in the use of earth cover for radiation protection 
may be enough to make the underground structure more economical despite the 


additional complexities of construction, Figure 11-7 shows the relative cost 
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factors vs. design overpressure for above-ground and below-ground 
structures, 

(b) Size. From the point of view of direct structural 
costs, the required size, particularly the required clear span, is highly 
important. Figure 11-3 indicates the Influence of clear span on cost for 
a simple rectangular form of structure. It must be emphasized that the 
wisevibe of size cannot very well be separated from the question of 
function, This may be illustrated by the fact that floor space provided 
in arched and domed structures is related to size of the structure and to 
whether multi-level floor systems can be utilized, If such utilization is 
feasible, larger spans in structures of this kind may be attractive, 

For certain special cases, such as aircraft shelters, the necessary 
spans, and particularly the ear espondinaly large. exits and entrances, 
dominate the cost (Ref. 11-7). 

It is impossible to give rules as to the type of construction to 
be used in any particular case although some criteria for economy hold true 
in most cases. If clear spans greater than 20 to 30 feet are required 
(depending on the overpressure), arch or dome construction definitely should 
be considered as an alternative to slab zonstruction. Also, as in 


conventional design, flat-slab type construction has the advantage of less 


_ depth compared to slab-and-beam systems which often offsets the cost of 


additional concrete. This might be of more significance in underground 


structures due to the cost of increased excavation, 
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(c) Number of Personnel and Duration of Occupancy. Human 


occupancy adds much to the cost of protective construction, Utilities, 
messing facilities, food and water storage, air-conditioning, are costly items 
dependent upon the number of people who must live in the protected structure 
and the anticipated duration of their occupancy. 

(d) Function. It is apparent that all other listed factors 
ére directly or indirectly related to the fiageres of the protected installa- 
tion, Both day-to-day and attack conditions of operation may be significant 
from the point of view of costs. The requirements for utilities, air condi- 
tioning, entrances, etc., may vary from a minimum in the case of a warehouse 
to a maximum in the case of a missile base or command center, 

(e) Geographical Area and Specific Site Location. © Factors 
which influence the cost of conventional construction are at least equally 
significant te the cost of protected construction, Proximity to transportation, 
power and water, and the local availability of labor and materials are 
pertinent considerations, To a certain extent these can be accounted for 
by the application of "Location Factors'' such as those tabulated in Ref, 

11-8, Wherever possible, however, cost estimates should be based on designs 
which give full consideration to local conditions, and location factors 
should be used only when better information is not available, 

“The cost of protective construction may be very sensitive to 
conditions at the specific site. The iype of soil to be handled is a major 
factor In costs of excavation and foundstions; the importance of this factor 
Increases with depth of construction, Ground water may add greatly to the 
costs of construction operations and entail additional expense for water- 
proofing the structure. 


Whether a particular structure is isolated or part of a 
complex, may Influence direct construction costs as well as mechanical 
and electrical costs for the finished installation. Similarly the 
distances between structures in a complex may also influence direct and 
Indirect construction costs. 

(f) Other, A number of factors other than those 
mentloned above can affect the cost of protective construction. These 
Include the following. 

1, The degree of certainty in the design of 
the operational system to be protected. 

2. The time urgency of construction. 

3, Weather conditions at the construction site, 

To cover the above costs, contingency items are included In budget 
estimates as well as allowance for government costs of engineering and de- 
sign, supervision and Inspection, and overhead, A factor of 21 percent of the 


basic contractors bid price has been applied to the curves presented heretn, 


11-33 


ot tates em nuance,” 


11-10 


11-11 


Merritt, J. L. and Newmark, N, M., "Design of Underground 
Structures to Resist Nuclear Blast,'' Volume II, Civil Engineer- 
ing Studies, Structural Research Series No. 149, University of 
Illinois, Urbana, Illinois, April 1958, (UNCLASSIFIED) 


Newmark, Hansen and Associates, ''Protective Construction Review 
Guide-Hardening,'! Volume 1, prepared for the Office of the 
Assistant Secretary of Defense (Installations and Logistics), 

1 June 1961, (UNCLASSIFIED) ; 


Saunders, L. N., ‘Designing Entrances for Protective Shelters,"! 
BuDocks Technical Digest No. 80, September 1957. (UNCLASSIFIED) 


"Engineering Study of Atomic Blast Resistant Design for Several 
Building Types,'' draft by Ammann and Whitney, Final Report, 
DA 49-123-eng-317, March 1960, (UNCLASSIFIED) 


Curione, C., "Cost Guidance for Protective Construction," 
Technical Study No, 24, Department of the Navy, Bureau of Yards 
and Docks, 20 August 1958. (UNCLASSIFIED) 


Koike, R. S., Morrison, T. G., and Tuggle, W., ''Cost Planning 
Information," American Machine and Foundry Co., Contract AF 
33(616)-2457 with Air Force Special Weapons Center, ARDC, 
October 1956, (CONFIDENTIAL) 


"A Protective Alert Shelter for Strategic Air Command," 
Associated Research Design, Contract AF 18(600)-1636 with Air. 
Force Special Weapons Center, ARDC, 1 April 1957. (SECRET, © 
RESTRICTED DATA) 


"USAF Pricing Guide for Permanent Construction on Continental 
U.S.,'' Directorate of Installations DCS Operations, Hdq. USAF, 
October 1958, (UNCLASSIFIED) 


"The Effects of Nuclear Weapons,'' U.S. Atomic Energy Commission, 
April 1962, (UNCLASSIFIED) 


"Nuclear Blast Design,'' Holmes and Narver, Inc. (UNCLASSIFIED) 
Hammer, J. G. and Dill, A. F., "Improvement of Conventional 
Designs to Resist Blast Loadings,'' and "Personnel Protective 


Shelters,'' Studies in Atomic Defense Engineering, NavDocks 
P=290, January 1957, (UNCLASSIFIED) 


11-34 


ce 


ee 


11-12 Chilton, A. B,, "Blast Pressure Leakage into Closed Structures 
Through Small Openings,'' Studies in Atomic Defense Engineering, 
NavDocks P-290.1, August 1958. (UNCLASSIFIED) 


11-13 DaDeppo, D. A., Sherlock, T. £., and Tazelaar, R. D., "Protective 
Arch Structures,!' (U), University of Michigan Research Institute, 
. March 1958, (SECRET) 


11-14 Curione, C., "European Protective Shelters,'' Studies in Atomic 
Defense Engineering, NavDocks P-290.1, August 1958. (UN- 
CLASSIFIED) 


11-15 "Fourteenth Meeting of the Panel on Blast Effects on Buildings 
and Structures, and Protective Construction,'' ‘olume 1, 
SWC-9S5-53500, Air Force Special Weapons Center Kirtland Air 
Force Base, New Mexico, October 1958, (SECRt.,. FORMERLY 
RESTRICTED DATA) 


11-16 DaDeppo, D. A. and Sherlock, T. E., ‘Doors and Access Openings 
to Protective Structures,'' (U), University of Michigan Research 
Institute, October 1958. (CONFIDENTIAL) 


11-17 Taylor, Ww. J., Curtis, W. —,, and Clark, kK. v., "Devices for 
Reducing Blast Effects in Ventilating Systems," Ballistic 
Research Laboratories Technical Note No. 86%, (AFSWP No, 730), 
February 1954, (UNCLASSIFIED) 


11-18 "Proceedings of the Conference on Building in the Atomic Age,'! 
Massachusetts Institute of Technology, June 1952. (UNCLASSIFIED) 


11-19 "Biast Effects on an Air-Cleaning System,'' ITR 1475, Civil 
Effects Test Group-Operation Plumbbob, November 1957. (UN- 
CLASSIFIED) 


11-20 "Retest and Evaluation of Antiblast Valves,'' ITR 1717, Civil 
Effects Test Operations--Operation Hardtack, March 1959, 
(UNCLASSIFIED) 


11-21 Newmark, Hansen and Associates, ''Protective Construction Review 
Guide-Hardening,'' Volume 11, prepared for the Office of the 


Assistant Secretary of Defense (Installations and Logistics), 
1 June 1961. (SECRET) 


11-35 


EMR ETRE Rt NR A A AEE A CN A TO TTA, ME ARENA MI ECE LEM FR TE REE PET FN tA OC ET NN | ee ee nen aE 


“Za1T "FOU WO4d x 


{sd Gz Je 
£ well sepun Buipyarus 
SjTauuN, sso0;0e uo!zeipes 
fG*y 403083 sdwet 410 40) 400p 40 
Aq Ardy319W s4yeqs 403 ppy 4S/$ € PPY 
(9-11 pue (9-11 Pue = (9-11 pue 
*Z1l SU-Tt “Crt SEett ertl fret 
*sBiy 0296) *s614 995) ‘*sb!l4 92S) $100g ‘SazuesqUuQ Ee 
*uo!}JeAeoxXa pue 
9-1 saysiuls Ssuo!yiqued 
S-1Il ‘v-tl 4O!4dqUI JO BAISNTOxe 
aanssaidsaao ubisap pue sz pauly €-Il ‘Ietl €-1l ‘ttl Sutppeyo pue owes 
fueds fadAz yean}on43S OF peUlyTUn *sBiy aas *sB14 995 *Bpiq {suo!.epunos pue 
yrtm AdeA $3809 Je4NIINIYS (3390S) 6 *ss00ys fjoos *STTeEM 
4s/$ 3S/$ 48/$§ peanyons3s =°Z 
ZOOT PPY %OS PPV - wa,qoid 
4aqem punos6 $ 
J! 3809 peppy - _ 
SZ o1 Ol 490Y PHBH = a 
ST 9 9 y90Yy 3505 = “ 
9 € € yz4eq = °AeDXg 
= € z Tr!349eg 
ho/$ A2/§ A>/$§ Tr!g49eg pue “ABdxKZ °°] 
4A9A0) ,SZ) 
punos6sepun /M moTyeus punoig 
Ssyseway daaq 410 papunoy aaogy we] 


("33 SUly = *4y°7 S935 SbS = 4g Sp4ed a¢qno = Ad) 3809 


*LNONVIYE LSOD G3LINIA - vivd 1S0) 
Tel 37avi 


*$3S09 *Jon43S *aoeds *°39N413S 


pue *Aeoxe pue *Aaeoxe 
OF ppe 3ng 02 ppe 3ng 
**spabyo a {MS pue ssozesousb (suo}}2e9Uu0D 4aMmod 
40} M¥/$ OO Ppe Aqpuers 9-0 sve S-e Tewsou *szor3No 
yeuotqjesedo soy *Aqpuezs peor4zoate *6uy34644) 
@ALJe4ySfuswpe wnwyUtYW 
403 4S/$ O°] SOPN[ SUT 4s/$ As/$ 4$/$ WITYLIZTI §«=°9 


peppe eq ysnw asn °S$3S09 °39N44S 


Asuabsawa 404 a6es03s 33] pue *Aeoxa 
pue ‘jZuewdinbs a1u0s ea ©2 ppe 3ng 
4Jay30 pue ssezndwod (Burquntd fuo;zes3T!4 
Buly~Ood 4Oy $3SOD UO!3 Q-s Lv L-> Jie ‘Buyuojzjppuod sie 
eesablujyay °290 SSaATeA ‘Burzeyp 3Uen ‘Gus 3201) 
yselq °3]1s 4fe svoodap 
40} 4S/S$ OS*T SOPNTIuUT 3s/$ 3s/$ 3S/$§ Ted;ueysey = 
*939 ‘JUaWJe943 31 ySNOde 
‘ynokey pau0s i! jaed ZZ-O1 6-7 6- (°938 *suo1z!34ed 
\-$2pnw 0} sosnBbry sayBry Sous{uls 40/403uUT) 
ynokey 4Orsaqul aydwis 
oy Aydde saan6iy 4amo7 3S/$ 3S/$ 4S/$ TE4NQ.9VIyD4y Sb 


(48A09 157) 
punosbsapun 6/n moTpeus punosg 


syseway dasq 4O popunoy BAogy weiT 


(723 SurT = °3°7 €°25 *bSs = 4g ‘fp4sedA S1qnd = Ad) $3809 


inowvaygd 1S03 G3aLIWII - vive 1809 
(Penusy3uo9) T-11 J1WaVL 


11-37 


Pree pe ner eT en: 


*syoafcud s0Y320 YIM SUOS! 4edWOD 


3509 yo AYIP!HTeA 3y2 Joajyye ATieasHh pue $3s0D YiuN u}; Soaseesou! Jel} °939 saunsesws9 UNOd 
-ueysqns 02 j3unowe Aew Avy} s3oefoid [yews ug ‘poeztseydwas2Ao aq YouUed Jepes ‘umMop-au0} 
sebeys G6uruvetd fe:jyiu: ay} Gulanp swazi yons 403 $3s09 942 Bulsapisuos Sqsod1 Tay ‘saunjeay 
jO aoueqsodwi ay S4aAamMoH *Su0. De} 4OyIO AUewW pUue SOI dITIOe} 49430 Aytanoes yeorsAyd 
0} Ajzlwixoud 40 yO aduazsSixKe fuolssiw ‘uol}es0], Ted!Yydesboob fuorjonsys ‘Burousy ‘ful-a!} suolqeo 
-uod $o odd} ayy uodn Bulpusdap ‘suolzeyrreysu! DIy1o9eds soy ATopymM Asea “lunwwod - fuolsstwsues 
LIT {M 3809 94} 99UIS papsAodd JOU S$] Sulaz! |asayy yo UMOPpyXedsqg Y :a20N damod ‘speos $so20y 
; SJusweAdsGUyT 3821S °g 
(,0I >a 
403) 
"3° 1/$ OE 
(ol <a 
403) 
“sd 1/$ 007 

‘abesamos 

40} uUOoS 
abesamas 404 -4ad/$ OSE SyTouUN) pue szyeys 
*pappe aq ysnw bur uossad/$ OSp 493eM [ouuossad Tsyauuny 
-TauUN} 40 *AedKa JO 1SOd €493eM JO4 punos6& aaoge 40} uos pue S}JeUS UO! JETIUDA 

*‘syTauun} pue sijyeys soy uosiad/§ Ose doy se owes -sad/§ 0¢z fAseyrues TAyddnsg uayem °Z 
: (49A09 SZ) 
punosbsapun B/n moyTeys punosg 


syseway doag 4O papunoy aaogy wort 


(733 SUlT = *g°7 6°25 *bS = 45 ‘p4ted O1qnd = Ad) $3s09 


ANOWWIYG 1809 G3LIWIT - vLvd 1509 
(panu}3uo9) T-11 378vL 


11-38. 


‘uo;}zoedsul! pue sa;ouaGulzuod 403 %OZ 3noqe sn{d $3S09 3De4}U0D JO JSsISUOD $3509 ‘O°] JO 103924 
Tec:ydesboag pue sadipul [96] 4eed TedS!4 0} passajau ase $3509 [Te *G WaI]T JO YO!}daDKe 942 YIM 1330N 


ZI°pl $S°O 6E°T 66°C 6I°S oOsz*soe‘e veL*gez S]e}OL 
SP’ 10°O. - Z1°0 ze"  geotsre -- peaysarg 
pue Bul soou! bug 

95°] - - 9S°1 - Cg‘IZe -- quewdinby Buruly 
(p2°L) (12°0) - (7p'€) (19°) :(310q 4ad 3s09) 
1S°0 10°0 - 7'0 9z°0 §6og6S6It / 00S‘9I Bulz{Og 40y 
*epo ay 
09 
uo1zeTTe sul ire 
o9°Or €S°0 6€°T L0°2 19°9 616°E7%S*Z Pel gez (1#202qNS) punosBsspun deep e 405 
eee, Do As pian gS-Ss6l Sulinp seuly 

*OSIW jO Neaung *S*p ayy 

6e°St vS°O 99°T 98°2 1e€°Ot 669°90S 226 ‘ZE pue s3nj sso4y Aq paysiy{dwosce 4904 


04°6 2S°O0 Ib*l €6°r 8°S O9Z60L9'T SLP*ZZT S4equey) ulew p4ey ul UO! JeAeOKE 405 
9S°OT IS°O O€'l S6°I 7z8°9 O00'ZSE LeCtee  SpTeuUN, sse2>0y UMopyeaiq 3809 patieieg *6 


sp4e, *ny 
SAIS sje! 3809 uo} PeALdKZ 
TeIO, 4amMog <o,dxZ -403eW 40Ge7 TeIOL yeIroL woz] 


p4e, 21qN) Jad $3509 


crn i LP A nS SS 


ANOWVSY LSOD GALIWIT - VLYd LSO3 
(penur3uoy) T-tt 31eVvL 


Fr RT ET NP IN A LE NT AR I TE OF LEI A OS 


i 
j 
i 


JONVYLNA ONIGNTIOXS ‘3yNLONYLS 3YvE JO 18090 GSLVWILS3 


SSYNLONALS 


isd §°%d * ginssosdueag uO-SPIs 4Deq 


“6 


stl 


sedsiuta puy suoilsog ‘8s00Q solsejU; ‘Bulsooudsojoyy 


I-f!l “Old 


‘@- @) SBINJONIGS 404 BHuljooudsapop “9 


eo @ 10) SOINJONAIS JOY 


uorojnsu; ‘Buysooy ‘q 


"seanionsis Hy 404 ‘s400g ssvIg 18049 ‘ysOMUUOY ‘jUaWedJOjUIBY PUY 8Je20U09 ‘yJOMULJDZ ‘D 


"SWO}] 


‘p—]}] a2uasazay ul Sy aWwOS aU, avy SauNjonIIS 4O Ssaquiny aduasajay 


482 ‘xOuddy yO udds— 44 

pang - WG2 xoiddy yO uodgs— y 
402 xosddy yO Bulapdg joy— ay 
HGS “xOMddy yO uodS— 4, 

‘49 O2 “XOJddY yO BulosDds j99-— ‘yy 
44-82 “xOsddy 3O ubdS— ,; 

" - 3 

PUNOJO aBADgY ae 2) 
sao, Burs0ds uwnjoj— 4 


JAAQ pepunoyw 
‘punosg + aaogy 


bs 


bS 
dS 
bs 
ds 
bs 


$3809 juaWwUsIADD Puy saouabulju0D 4O0Y 


j$UaIIAd 12 + “WNJOlg PUY POAYIIAQ 4104 juaDIIG G24 


(X@PU] $809 QGEI) P-—1] Buasajay Wosy DIDG UO pasog sjS0OD pajowNsy 


829"! 00/6; youy—ajbuis 


260 ———————— aw: J aydsiway — 
ooze —— Bulpjying sojnbuojoay As0yg-auQ— 
26h —————— 8wog:s | Da 1sdUudsi way — 
002s ——— buipjing uojnbuojoay Asus -auC — 
829' 00j6} youy-ajbuig — 


O62‘bI asnoyas0mM 4401S -2u0 — 
ose's —— Burpying uoyostuNWWOD As0jS-aUO 


OOS’bEe — Bulpying uoyodsysiuiwpy AsOIS-OM] — 


swsoy' 4y'bS/ 8 GZi-Ov'O 
jsudWADIOJUIdY ‘U0I/GY OGZt SISOD BUN 
ayasouo0y’ pA n9/g O¢ 


-@ 
@) 
SG 
© 
© 
® 
-© 
-@ 
© 


“80K 


popnyouy 


1 340N 


-40 


qV 


| “"S3NNLONYLS BONVELNS 
WVIO3dS ONIGNIONI “S3YNLONYLS BYve@ 4O 1S09 GBLVNIESS Z-ll ‘old 


sed $984 *gsncsosdsonag UQ—Cpig yoo” 


"84809 UN 30 
sisng 304 Puy ‘puodessi0g suoquNnN eAsnD 
yoium of sedhy Buipying 404 1-11] “BIg Ses 


“p'l] @ouesQJ0yN WO1Y DJDG UO PesDg 83807 pojoWwIIsy 


s8j0N 


“*gys0g poyousg 


~ 11-41 


gg tbsesnyjop 


Se sre errno ne ere cetera 


dollars /sq. ft. 
* dollars /sq. ft. at 20 ff. bay span 


Cost Ratio 


Cost Studies Of Buried And Surface One-Story Square 
Structures, With Varying Bay Spans. Special Entrances 
And Excavation Not Included. Bare Structure Only 
(Concrete, Steel, And Formwork). 


For Index Costs Use Curves ©,@, ©, and®@, Of Fig. Hl-i. 


COST RATIO VERSUS SPAN FOR 
ONE-STORY RECTANGULAR STRUCTURES 
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dollars /oq. ff. 
dollars/sq. ft. at 25 ft. span 


Cost Ratio , 


FIG. 


Cost Studies For Buried, Hemispherical Domes. Special 
Entrances And Excavation Not Included. Bore Structure 
Only (Concrete, Steel, And Formwork). 


For Index Costs Use Curves @ And © Of Fig. II-t. 


Span, ft. 


1i-4 COST RATIO VERSUS SPAN FOR 
DOME STRUCTURES 
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dollars /sq. fi 
collars/sa. ft. at 23 ft. span 


Cos? Ratio , 


FIG. 


Cost Studies For Buried, Single—Arch, Igloo With Length 
Equal To Twice The Spon. Special Entrances And 
Excavation Not Included. Bore Structure Only (Concrete, 
Steel, And Formwork). 


For Index Cests Use Curves @ And® of Fig. 11-1. 


Span, ft. 


ll-5 COST RATIO VERSUS SPAN FOR 
ARCH (IGLOO) STRUCTURES 
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dollars /sq. ft. of Opening 


Cost, 


Cost Includes Door, Mechanism, And Seat. 
L = Span Of Opening, ft. 


Horizontal Doors, Or For Vertical Doors Not Subject To 
Refiected Pressures. 


cama ome Vertical Doors Subjected To Full Reflected Pressure. 


Peak Side-On Overpressure, Pso psi. 


FIG. 11-6 COST OF PROTECTIVE DOORS 


11-45 


Daten pen ee a ne re eR a en ee ee eee nem Fg Re nem ete en tem we a ne 


3YNSS3YdYy SAO NoIsaa SNSYBA YOLOVS 1809 Z2-Il SIS 


‘isd $084 ‘ginssaudsong ubiseg a2Dj4nS puno1d 


| 


"9-11 May, I-11 sasnbiy aas 

SUudijdis9Sag BINJINIJS PUY SySOD IBYyIOEadS 404 
"UOIJONIJSUOD PUNDIQ—2ADQY jOUOIUaAUOD 4O 4509 
WIM pazodwoy sadky jounyonsys JQ sabossay 
ayisodwoy uodn paspg ss0jo04 JSOD jOIGAL 


104904 4809 


11-46 


-CHAPTER 12, NUCLEAR RADIATION 


12.1 INTRODUCTION 

In both fusion and fission reactions some of the energy released 
appears in the form of nuclear radiation. This section is concerned with 
nuclear radiations, their effects, and protection against them, The dis- 
cussions contained herein are not intended to be comprehensive, but rather 
to identify the problems associated with protection against nuclear radiation, 
both prompt and residual, For a presentation of basic nuclear radtation 
phenomegology, the reader is encouraged to study Chapters 8 through 11 of 
Ref, 12-4, A more complete treatment of structure shielding is contained 
In Ref, 12-5, 

Some nuclear radiation is produced at the instant of fission or 
fuston, and some is emitted by radioective nucleii over a long period of 
time, By definition, that emitted in the first minute after detonation is 
called prompt or initial radiation, and, that emitted afterward, residuel 
radiation, The sources and characteristics of both vary according to the 
relative extent to which fission and fusion contribute to the yield of the 
weapon, 

Nuclear radiations can be classified, however, and general con- 
clusions can be drawn as to their behavior and effects. Two general types 
are present: those consisting of high-energy particles with or without | 
electric charge; and heee electro-magnetic in nature similar to that of 


light. These will be discussed in greater detail. 
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12,2 DESIGN IMPORTANCE 

Nuclear radiation becomes an important factor in design when it 
presents a threat to personnel, equipment, or structures, Normally, radiation 
considerations will not be the governing factor in a design, but it is not 
improbable that modifications will be required in design to insure adequate 
radiation protection, This entails first a prediction of radiation levels 
at the structural site; second, an estimate of the Critical tolerance of 
personnel and equipment; and finally, provision for attenuation so as to 
make the level compatible with the tolerances. Prediction of the radiation 
levels can be made from experimental data coupled with several assumptions. 
Usually the assumptions will be such as to insure safety of the design and 
should be consistent with the level of blast protection provided or desired. 
The experfence and judgment of the designer or planner play an important 
part, and he should make use of all available information as to prevailing 
weather, winds, and atmospheric conditions. The critical tolerances of 
personnel and eeutpmant must be established on the basis of existing test 


data and Japanese experience, 


12,3 PROTECTION 

Some forms of radiation can be absorbed completely by a barrier; 
however, the types of radiation of primary interest here, i.e., gamma and 
neutrons, have great penetrating power, Attenuation is possible with suitable 
shielding materials or a sufficient interval of air, The amount and kind of 


material required for attenuation to safe levels are a function of the energy 
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of radiation, the intensity and cumulative value of the radiation, the 
atomic characteristics of the shielding material used, and the emergent 


level desired, 


12.4 RADIATION CHARACTERISTICS 
: 12.4.1 Kinds of Radiation, 

(a) Alpha. Alpha particles are emitted by heavy elements 
as they undergo radioactive decay. Alpha particles are essentially ionized 
helium nucleii with a charge of plus two (esu). Because they are charged, 
alpha particles travel only a few feet in air, They can be stopped by thin 
layers of material such as paper and therefore do not constitute an external 
hazard. 

(b) Beta, Beta particles are emitted by most fission products. 
Beta particles are similar to electrons in electrical charge and mass, Like | 
alpha particles, beta particles can be absorbed and do not consitute an 
external hazard to sheltered personnel, 

There is some danger, however, to personnel from alpha~ or beta- 
emitters if these particles gain entry to the body in some manner. Strontium 
90 is an example of a Beta emitter, having a half-life of about 25 years, 


(sr2° 


» 0.6 Mev) 
(c) Gamma. Gamma radiation is a form of electromagnetic 
wave radtation with characteristics similar to X-rays, but with greater 


energies. A beam of gamma rays may be considered to consist of a large 


number of small packets of energy called photons or quanta. In addition 
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to wave-like qualities, each photon has the properties of a small 

particle with an effective mass, momentum, and energy which may be cal- 

culated from its wave length or frequency. Gamma rays are produced by 

@ rearrangement of nucleons in the nucleus of an atom, This can occur: 

(1) during the fusion or fission process, (2) in the nucleii of fission 

products which have been formed, (3) in the nucleii of atoms made radio- 

active by neutron bombardment. The first occurs within seconds following 

a nuclear explosion; the latter may continue over long periods of time, 
Gamma photons have energies measured in millions of electron 

volts (mev), an electron volt betng a unit equivalent to the energy attained 

by an electron "falling through" a potential difference of one volt, Thus, 

a l-mev photon has an energy equal to that gained by an electron 

accelerated by a potential of 1,000,000 volts. 

(d) Neutrons. Neutrons are electrostatically neutral 
particles which are part of atomic nucleii, They have approximately the 
same mas$ as a proton which is exceedingly small (1.661 x 10724 gm.) but 
which is still about 1840 times the mass of an electron, Neutrons are 
released during the fission or fusion process primarily, In the fission 
Process about 99 percent of the emitted neutrons are released immediately, 
probably within 1 microsec,, and the balance subsequently, In the fusion 
process 100 percent of the emitted neutrons are released imnediately. 
Neutrons travel at high speed but less than that of light, 

Neutrons can cause biological damage to the human body and the effects 
can be equated to damage from gamma radiation, In addition, neutron radiation 


can cause damage to electronic equipment. 
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Neutron emission can be elssett ied setordina to the particle 
energy. 'Thermal' neutrons have energics of the order of 0.03 ev.; '"Slow!! 
neutrons have energies in the ranae J-100 ev.; "Intermediate'’ neutrons 
have energies in the range 100 ev.-1 mev.; and ''Fast'' neutrons have energies 
of over 1 mev. The method of protection against neutron flux is dependent 
upon the energies, as will be discussed later. In the fission process, 
virtually all of the neutrons initially released are fast neutrons; however, 
because of various interactions with nucleii of matter comprising the earth 
and the atmosphere some lose energy with the result that at some distance 
from the point of detonation the energy spectrum is quite broad, In the 
fusion process the same is true, except the resulting emission has a larger 
proportion of fast neutrons than in the case of the fission process. The 


energy spectrum varies from one weapon to another. ence, a single curve 


is an inaccurate compromise. However, the proportion of neutrons in eny 


particular energy range appears to be essentially the same at all distances 
of interest. 3 

To summarize, the kinds of radiation of. primary concern to a 
structural designer are prompt gamma, residua! gamma, and neutrons, 

12.4.2 Units of Measure, In order to establish necessary pro- 
tection against radiation, it is necessary to correlate intensities, 
energies, and total dosage with tolerances of humans and equipment, To do 
this some units of measurement are needed other than those previously 
discussed, 

(a) Exposure Dose, A measure of the strength of a 


radiation field at a given location is given by the "roentgen", The roentgen 
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is not a measure of energy of: radiation nor of the type of radiation but 
rather of its capabilities under specific conditions. The roentgen is 
defined as that amount of X= or gamma radiation which produces ions carrying 


one electrostatic unit of charge in one cubic centimeter of air under 


standard conditions of temperature and pressure, The total or cumulative 


dose in.roentgens is commonly used for prompt or instantaneous radiation. 
For residual radiation, the dosage rate, i.e., roentgens per unit time, is 
a useful measurement, At energies appreciably above 2 mev. it becomes 
difficult to measure the dose in roentgens, and units of erg/gram are used 
to indicate the radiation energy which 1 gm. of tissue would absorb. 

(b) Absorbed Dose, The absorbed dose Is expressed In 
"rep"! (roentgens equivalent physical) and "rad, Rep is defined as an 
absorbed dose of 97 ergs per gram of body tissue of any nuclear rediation, 
This is not always useful because the number of ergs absorbed is not 
determinable and can change. The unit "rad"! is defined as an absorbed dose 
of any nuclear radiation accompanied by the liberation of 100 ergs of energy 
per gram of absorbing material, The difference between rep and rad for 
soft tissue is negligible, 

(c) Biological Dose. The unit of biological dose is the 
rem {roentgen equivalent mammal). The rem is related to the rad by a factor 
called the RRE (relative biclogical effectiveness). 

Dose in rems = RBE x Dose in rads 
The RBE is approximately unity for gamma radiation although it varies with 


the energy of radiation. 


m%} 


For gamma radiation and soft tissue it can be safd that: 
No. rems = No, rads = No. r 


This equality does not exist for cther nuclear radiations, 
The expected biological effect, however, can be related approximately 
to the exposure dose, Neutrons can be measured In rads and converted to 


rems and thus combined with gamma effects in rems, 


12,5 WULNERABILITIES 

Both humans and equipment are vulnerable to nuclear radiation, The 
exact maximum dosage to which personnel may be exposed is a rather arbitrary 
figure best established by executive or milltary decision for the specific 
Instance. The designer, once given this limiting dosage, and knowing the 
design weapon parameters, can then undertake the provision of adequate shield- 
ing in the given structure, 


The effects on humans are roughly as follows: 


170-220 r prolonged sickness of 50 percent 
no deaths 


220-330 r severe prolongeu sickness to all, 
20 percent deaths 


400-750 r 60-100 percent deaths 


While these values are based on cumulative doses received, the time over 
which this dose is received has some bearing on the effects on humans. The 
body is senile more resistant to a given amount of radiation If the 
radiation is spread over a long period, Table 12-1 shows estimated medical 


effects of radiation doses, 
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At the present time there is not a great deal of information on 
the vulnerability of equipment to radiation. Some data are available in 


Ref, 12-2, 


12,6 PREDICTION OF LEVELS AT SITE 


Both for above-ground and under-ground construction it Is necessary 
to estimate the radiation levels which will occur at the ground surface. For 
above-ground construction this ts of direct importance in determining wall 
thicknesses and architectural features; for under-ground construction it is 
important to know the surface intensities to insure sufficient earth cover 
and te Insure adequate design of exposed ventilators, Intakes, and portals. 

(a) Initial Gamna. The intensity of prompt gamma radiation de- 
creases with distance from the point of detonation, This reduction ts due to 
spherical divergence (inverse-square law) and interactions between the gamma 
photons and the gas molecules comprising the atmosphere. The path of 
radiation deviates locally from simple line-of-sight because of these scatter- 
ing interactions. For this reason more than a simple shield is required 
for seatde loi, Figure 12-1 shows the total amount of initial gamma 
radiation which would be measured at various horizontal distances from 
surface bursts of various yields. These data were obtained by applying 
scaling relationships to the information in Ref, 12-2, As an example, if it 
were required to erect a structure at a location which was 15,000 feet from 
the most probable Ground Zero and if the design criteria specified a 10 MT 
weapon; one could estimate from Fig, 12-1 that the total initial gamma 


radiation would be of the order of 100 roentgens. 


of 


sae 


(b) Residual Gamma and Fallout. The term "residual'' gamma 
usually refers to all gamma radiation not given off as prompt or initial, 
For practical purposes this fs primarily "fallout"! gamma radiation, Fall- 
out is the name given the deposits of alir-borne particles which have been 
transported from the explosion site. These particles, swept aloft with the 
fireball, include explosion products, earth, and other fragments. Many of 
these particles are radioactive. The distances from the point of detonation 
at which fallout can be deposited are great and depend upon factors such as 
wind velocity, particle size, atmospheric and topographical conditions, etc, 
The fallout pattern may be idealized to elliptical contours extending down= 


wind from Ground Zero. The ellipses are narrow and extend for many miles, 


- @.9., for a l-MT surface burst the intensity or dose rate 180 miles downwind 


(15 knot wind, 12 hours following the explosion) is approximately 1.6 r/hr. 
On the other hand, the intensities upwind or crosswind will be only a 
fraction of those downwind at corresponding distances from Ground Zero, The 
designer must consider the relationship of his construction site to the most 
probable Ground Zero. To assume the structure to be downwind Is, of course, 
the most conservative for desIgn, but may be too conservative in many cases. 

For an observer downwind from an explosion, two things are happen- 
ing which tend to affect the amount of radioactivity to which he is exposed: 

(1) The airborne particles are being deposited continually so 
that the nonbee of particles reaching him Is less the farther away his 
position is, 

(2) Depending on the wind velocity, it takes a finite time for 


the particles which do reach him to get there, During this time the radio- 
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active elements have’ been undergoing decay and for some of them with short 
half-lives this time is sufficlent to cut down their intensities appreciably. 

The problem for the designer Is to determine the accumulated | 
radiation dose for a given location beginning at the time the first fallout 
occurs and extending to the time when the last particle ceases to give off 
radiation. This latter time, obviously, would be infinite; and for practical 
purposes an extrapolation is made, 

The depositing of air-borne particles Is a function of particle size, 
wind velocity, and air density. The radioactive decay is a function of time. 


These two actions are going on simultaneously, It is difficult to devise 


€@ curve or graph to show this. What is generally done is to establish a 
reference value of wind velocity and a reference time for radioactive 
intensity, and to show the fictitious fallout radiation Intensities based on 
' these references at various downwind locations from given surface bursts. 
Figure 12-2 ts such a curve for a wind velocity of 15 knots and a reference 


time of one hour following the explosion. The values read directly from 


Values for other locations further downwind must be corrected to take Into 
account the radioactive decay between the one-hour reference and the actual 
time of arrival, The actual time of arrival can be taken as the downwind 
distance divided by the wind velocity. For velocities other than 15 knots the 
scaling factors shown should be applied to the one-hour Intensities shown, 


} 

} 

Fig. 12-2 would only be correct for a location 15 nautical miles downwind. 
| 

| 

| 

and the true velocity used in computing the arrival time. Figure 12-2 is 
| 

ay 

if 

i 
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based on the assumption that the fission yield equals the total yield. 
This is not usually true for large weapons. Therefore the radiation 
Intensities shown in Fig. 12-2, such as 3000 r/hr, must be multiplied by 
the ratio of fission yleld to total yield. 

A radioactive decay curve could be used as a means of converting 
the one-hour reference doses read from Fig. 12-2 to the true values at the 
time of arrival. However, since total dosage rather than intensity is the 
important value, it is convenient to use a curve such as Fig, 12-3. Figure 
12-3 gives the ratio of total cumulative dose to the one-hour Intensity 
or dose rate for vartous times following the explosion, The total dose 
accumulated In any time interval can be obtained by subtracting the ratio 
obtained at the time that the interval ends from that obtained at the time 
the Interval begins and multiplying the difference by the one-hour reference 
dose rate, 

(c) Neutrons. The production and emission of neutrons are closely 
related to weapon design. In general the thermonuclear processes (fusion) 
produce more high energy neutrons than do the fission processes, “The energy 
spectrum and total number of neutrons will vary with the weapon desiqn, 

This makes scaling risky and representation of intensities by a single curve 
an over-sImplification,. 

Experimental data and measurements of neutron flux produced by 
nuclear explosions are incomplete and unrellable, Although it is customary 
to find neutron intensity vs. distance curves presented in a manner analogous 
to those for initial gamma radiation, each source carefully points out the 
unreliability of the data and the doubtful validity of scaling laws. One 


ts, however, usually obliged to use such over-simplified representations, 
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The various detection methods such as boron counters, fission 
chambers, and foil activation can give measurements in absorption units 
(rad). These must be converted to units of biological dosage (rem) before 
the effects on humans can be assayed, The conversion factor, RBE, has not 
been definitely established. It is different for different energies. A 
value of about 1.7 seems reasonable and is derived from limited peste on 
animals and study of ee experiences in Japan, 

In spite of the preceding deficiencies it is necessary to make a 
determination for design purposes, At the present time Ref, 12-3 should be 


used for the prediction of neutron intensities if no better information is 


available, 


12.7 GAMMA RADIATION SHIELDING 

The amount of attenuation or absorption of gamma radiation depends 
roughly on the mess of material between the source and observation point. 
The effectiveness of wood, water, soil, concrete, steel and iron, and lead 
for shielding from initial and residual gamma radiation Its shown tn Figs. 
12-4 and 12-5 respectively. The effectiveness is given by the dose or dose 
rate transmission factor which is the ratio of the transmitted to the 
incident radiation intensity. When the shielding is provided by two. or more 
materials such as earth and concrete, the appropriate dose transmission 
factor is the areduce-oF the individual factors of each material. 

Figure 12-4 and 12-5 were taken from Ref, 12-1 and were originally 
derived from the data in Ref, 12-4, Strictly speaking, they should be applied 


only to monoenergetic gamma radiation in a narrow beam or when the shielding 
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material is relatively thin. However, they can be used as an indication of 
the attenuation to be expected in under-ground structures and will give a 
conservative estimate of the protection afforded by the structure being 


analyzed, 


« 12.8 NEUTRON RADIATION SHIELDING 

Neutron attenuation is a more complex phenomenon than that of gamma 
attenuation, since several phenomena are involved in the former, First, the 
very fast neutrons must be slowed down to the moderately fast range; this 
requires a suitable (inelastic) scattering material, such as one containing 
barium or iron. Then, the moderately fast neutrons have to be decelerated 
to the slow range by means of an element of low atomic weight. Water is very 
satisfactory, since its two constituent elements, i.e., hydrogen and oxygen 
both have low atomic weights. The slow (thermal) neutrons must then be 
absorbed, This is not a difficult matter since the hydrogen in water will 
serve the purpose. Unfortunately, however, most neutron capture reactions 
are accompained by the emission of gamma rays. Consequently, sufficient 
gamma attenuating material must be included to minimize the escape of eapvirst 
gamna rays from the shield. 

Rough attenuation data for fast neutrons are given in Ref, 12-1 
based on actual measurements, These have been reduced to usable form and are 
presented in Fig. 12-6, It must be emphasized that the thermal neutrons must 
be captured (by water, parafin, etc.) and that gamma radiation induced by the 


capture process must be attenuated. The 'iron-concrete" aggregate shown in 
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Fig. 12-6 is limonite (iron oxide ore). 

Two cases of induced gamma radiation may be distinguished, 
Case A applies to sustained radiation from the material in the shield 
that becomes radioactive as a result of neutron bombardment. Case B 
refers to the neutron-gamma radiation which occurs immediately. The gamma 
radiation emitted immediately has a higher energy level in general, 

(a) Case A. The effect on steel, cement, virtually all aggregates, 
and on water is minor. The induced gamma is about 10 percent of the radiation 
that actually penetrates the shield for close-in bursts (overpressure as 
much as two or three hundred psi). At greater distances this proportion 
is even less, being about one percent for ranges where initial gamma is 
low but still significant. 

(b) Case B, Some measurements have shown that the induced gamma 
through the shield is 2 to 7 times as great as the transmitted Initial 
gamma, and even greater at very high overpressures. No better data are 
available, This matter must be rechecked when a particular project is re- 


viewed, . 
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APPENDIX A 


DESIGN EXAMPLES 


A.1 BURIED RECTANGULAR STRUCTURE 

Consider a buried, single-story, rectangular structure, 60 ft. 
by 84 ft. In plan, with 8 ft. of earth cover over it, as shown in the 
accompanying sketch. To illustrate the design procedures presented herein, 
the reof will be proportioned as a two-way slab supported on beams that span 
between columns spaced as shown. The other structural elements (walls, base 


slab, etc.) can be designed in a similar manner, 


Given Data: 


Loading 
es 200 psi, on ground surface 


w ool MT, Surfece Burst 


Ductility Factors 


u = 3.0 for ductile response 


u = 1,3 for brittle response 


Yield Stresses 
ft = 4000 psi 

€ = Hy 
fi. = 5000 psi. 
f 


40,060 psi 


hy 
a 


50,000 psi 
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A.1.1 Design of Two-Way Roof Slab (See Sect. 9.3). Assume the 
beams to be approximately 4 ft. wide; therefore the side dimensions of the 


slab are 16 ft. x 17 ft. 


~ Short Span _ 16 
= Long Span 17 oo 


Flexural Requirements 
Because the slab is nearly square, it is reasonable to assume equal 


reinforcement in both directions. Therefore: 


Pe * Pre 


eee 0 
Ps * se 


and, from Fig. 9-8, 2 = 2,85 = ratio of the resistance of the twoeway slab to 
that of a one-way slab having the same cross-section and a span equal to the 
short side of the two-way slab. . 
Estimate DL + LL: (Use reduced DL; See Sect. 9.2, Step 3) 
Neglecting attenuation with depth, blast load = 200.0 psi 
Earth cover, 8 ft. of soil = 8(0.69) = 5.6 psi 
Assuming 3 ft. slab depth, est. slab wt. = 3(0.84) =__ 2.5 psi 
208 psi 
becouse ot the shallow depth of soil, arching can be neglected. 


The design pressure for equivalent one-way slab is, then, 


208 | 
ea aaa ee 


Take (%, + O%,) = (0, + 9) = (P+ 9) = 1.0. Then (0, + O) Fy, 


= 50,000. psi, and from Fig. 9-2, (d/L) = 0.16 for flexure. Check other 


modes of failure. 
Because of the shallow depth of soil, arching can be neglected, 


Pure Shear Resistance 


, Equivalent resistance for one-way slab: (See Sect. 8.3.2) 
2 (1 +a) = 1.3 


The peak applied pressure for an equivalent one-way slab is, 


therefore, 
208 : 
Ea 160 psi 


From Fig. 9-3, for fe = 4000, (d/L) = 0.13 for pure shear; therefore, 
(d/L) = 0.16 as determined above for flexure is adequate. 
Diagonal Tension 


Equivalent one-way slab pressure = 160 psi 


Assume 9. avg = M3 from Fig. 9-7, Ae * 0.7 
If O, =O, = 9.5, consistent with (9, + ?.) = 1,0, then, from Fig. 
mernn d 
9-5, with Ne >. fe = 1400, ry T* 0.23. 
Hence, 


0,23 | ad. 
Re 4 0.16 1.44, for L 0.16, 


and, from Fig, 9-6, 


Therefore, 


vy = 1,04, say 1.0 


Compute Period (Considering shallow depth of earth cover, neglect soil re= 


oy 


y 
i 
i 
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sistance but include soil mass). Assuzing fixed edge conditions: 


T= 4,5 Ee » from Eq. (8-28), 


and 


K = 770 —<— = 3,87 psi 
$:° bs , 


Taking the total depth of slab = 2.86 ft., and assuming the unit 


wt. of soll to be 120 pcf: 


1s 1 oe 
w= G22 x 2.85) + (729 x 8.0).= 9.7 psi = 0.010 ksi. 


g = 3& in/sec* 


0.010 


Te 4,5 S187 Ges) = 0.0116 sec 


Lesd Buration 


Assume that the effective duration of the load is equal to the 
initial slope duration: 


ty 7 ty, 7 0.075 sec., (from Fig. 3-7) 


d 


t 
=f z ws = 6.5; consequently, en Infinite duration say be reasenably 


assumed. Therefore the preliminary design Is adequate; no revision is 
necessary. Hewever, greater economy may result if depth is increased, thereby 
reducing the web steel requirement. 


Slab Susmer 


d= 2,56", sey 2" 7; d= 2! lon 


Tie Tig eee 9. = 0.53 To: 1.0 


A.1.2 Design of Supporting Beams (See Sect. 9.3). For beam 


under long side of slab, converting load on slab to uniform load on beam; 


With a= 4!, 2= 400.2 


. From Fig. 9-10, with @ = 0,94, 7 = 1.31. 
Estimating the effective pressure on the slab to be 210 psi (208 
pst from slab computation plus effect of supporting beam): 
210 
ak 01 Go 169 psi 


is) 


Thus, — = 169 x 5 = &90 psi on equivalent bees under one-way slab. 
Assume A s v = 1.0 . 

Then, Fay (e, + ®,) = 100,000 

Fron Fig, 9-9, 4 = 0.37 for flexure 
Hence, d = (0.37) (17 x 12) = 76" 


Check Pure Shear 


Froa Fig. 9-13, for A = 0,94, y = 1.9 
210 PP 
Then, P= 74" 110 pst, — 550 psi, for equivalent beam under 


one-way slab, 

From Fig. 9-ll, assuming equal end steel percentages, é = 0,40, 
which Is greater then 0.37 as required for flexure. 

Therefore, use d = 0.40 (17 x 12) = 82 in. Redatermine flexural 
steel as o..- 0 = 0.85. 


Check Diaeonal Tension 


Since 9/0, = 1.0, 4, = 0.7 (from Fig. 9-7) 


p_b 
Using Xe. e, t. = 2380, and (one-wsy slab) = 550, then from 


AeS 
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Fig. S212 


There 


Compute Period 


ve 


0,38 ~ 


= 0.38; n a 


1,00. 


~ 


fore, from Fig. 9-6, a 0, no web steel needed. 


2 
Te l 5 = ,0065 sec. for beam alone. 
85,000 Jo. 
Correcting for the added mass of slab and soil: 


Then, 


a 
T= 0.0065 | @ = 0.0065 _|294:899 . 9.0065 |3.47 = 0.012 
m 76,560 


Wt. of beam = 150 (4.0 x 7.25 x 17.0) = 76,500 ibs. 
Wt. of slab = 150 (2.83 x 8.0 x 17.0) = 57,800 Ibs. 
Wt. of soil = 120 (8.0 x 8.0 x 17.0) = 130,500 Ibs. 


Total 264,800 lbs. 


Compute Ratio of Load Duration to Period 


Thus, the load can be assumed to be of long duration, and the 


preliminary des 


Beam Summary 


75 _ 
ty/T == 6.3 


ign given sbove does not need revision. 


d= 6' 10"; D = 7! 3 


%, =o. = 0.85, e, = 0.0 
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A.2 BURIED ARCH (See Sect. 9.5) 


Give Date (See Sketch) 
Peg 7 200 psi; W= 1 MT; Cohesionless soil, @ = 35° 


; fl = 3000 psi; Fle = 3750 psi; f, = 40,000 psi; f 


4 a $0,000 psi 


dy 
Semicircular arch of radius r = 30'; Depth of cover over crown = 20 ft. 


re Check Depth of Burial 


ot 
Hy * cnet ah = 26.4 ft. 


26.4 > G = 15) (See Sect. 5.3.5) 


Therefore "FULLY BURIED" 


Determine Load 
Peak pressure at depth z = Hay = 26.4!; 
From Fig. 4-3, @ = 0.87 


P= 0.87 x 200 = 174 psi 


For preliminary design, assume a long duration load, and take 


ty = tos corresponding to Peg * 200 psi. 


From Fig. 3-7 = 0.075 sec.; neglect rise time. 


» to, 
Effects of Soil Arching (Sect. 5.3.2): 
Estimate 55° considering only deformation of arch. Feoting 


motion cannot be computed with confidence, and Its neglect 


; a 3009 
= e = 2 Se eee eed = 
is conservative. 8 ur (FA/E ) (1.3) (30*) (S09, 000) 


0.03" which Is less than 0,02 (60) = 1.2°, 


Pas 55 
From Eq. (5-36), ris = 1,00; therefore, arching effect is negligible. 
vp 


aoe Ae7 


. * 
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Trial Section 


Assure ? = 1,0 = 0.5% clircumferentially on each face. 
' . = 
0.85 fue + 0,009 9, Fay 3640 psi. Then, for (Hy + D) = 27, 
D0. ; , : 
Fig. 9-16 gives tH +p) ™ 9-007 and, for p, = 174 psi, Fig. 9-17 gives 
D o i) a 
() (ey 0.080; Z= = 0,087, 


Therefore, = 0.087 x 30" = 2.61", say 2° 8 


O preliminary) 


Lomoute Period 


Ls Tis “75 = 0.0167 sec., from Eq. (8-41) : 

As discussed in Chapter 8, neglect conservatively a possible 
modification of Te for the effects of surrounding soll. 
Check Acecuacy of Trigl Ssetion 

Assisze the effective leced duratien to equal the initial slepe 
éuretion, 


From Fig, 3-7, ty = te = 0.075 sec. 


t & 
d 0.077. 
T "0.0167 7 4-6 
t 


Pp 
For ~= 4,6, andy = 1,3, froa Fig. 91, ri = 0.61, 


P,. 
Since the preliminary desler charts were prepared en beasts ore 2 
0.61 (for td/T = @ and pw = 1.3), the preliminary design is adequate for 


final section. Therefore, use D & 2°8" and o.* 1.0. 


A.3 FULLY BURIED BONE (See Sect. 9.6) 
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Gtven Data 


P., = 100 psi; W = 10 NT; Hemispherical dome (B = 2/2); 
Radius, r = 20 ft.; Depth of earth cover over crown = 6.0 ft., with 
ground surface level; y selected as 1.3; fe = 3000 psi; Fue = 3750 psi; 
fy = 40,000 psi; Fay = 50,0600 psi. 


Check Deoth of Burial 
ae For full burial, Hoy >4 L where L = 40°, but not less than 


5 = 5.0 ft. 
499n (20 + 6) - a (8000) 


Rey - 4508 ~ 12.7 ft. 


which Is greater then <2 = 10,0 ft. end $e 5.0 ft. 


Therefere, consicsr the dezs to be fully burled, and dasten only for 
the cecprassive cexponent of leading. 
Loading 

Unifora Compressian Leading = Pan 1€3 psi, from blast 


plug dynealc equivalent ef EL = 7 psi (0.51 x 12.7) froa 
earth cover, 


Total = 107 pal; neglect walght of dome 


With B = 86°, Pa 163 pst, end (0.85 fhe + 0,089 Fay) = 3630, 


which assuess nominal stecl ef 0.5% In eech face, read 2 for blest lead = 
0,044 from Fig. 9-17 for correspending earch. Fer dose: ofS = 0,622, For 
(Hoy + Dd) = 13 fe, road 2 tie deed lead = 0.084 fra Fig. 9-16 for 
corresponding arch, For dszs; S208 =.0.002. Then 2 total = 0.024, and 
D= 0.48', Try D0 = 6", 
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Check Adsauecy of Trial Section 


Coapute the natural pertod, 


By Eq. (861), T= fake = .008 sec. 


Uniform Comoression Kode Load Duration 


Assume an effective duration, ty = ty» the Initial slope. duration, 
for Py, * 160 ne | - ie pe 

From Fig. 3-7, t_ = 0.15 (=) = 0,32 sec. 

fs 0) 1 

ta 320 

7 a. = 49. Thus, the assumption that ty s to Is reasonable, 
end load duration can be taken as Infinite. Therefore, the preliminary design 
Is adsquate, Use D = 6" end 9. 1.0, 


Stucy ef Interaction Boterca the Founda 


CUE 


¢len end the Pons 


If the dex were free to slido ever the feoting In such a ezaner @s 
to teke @ eoflected shase consistent with the stressas cexauted ebeve, tha 
.dssiga of the dome shell would bo cozplete; kewsver, it Is necessary to 
Investigate the effects of the feoting acting as a ring girdsr cn the dons 
If relative estlen betwean tha shell and the footing Is not paraltted, 
Ecsien of Fearing 
The footing must support a peck lead of 252 4 of length, Including 
dsad lead and dyncale magnification fector fer p = 1.3 of 1.62, Assume the 


allewsblo dynente soil pressure te be 49 ksf (See Sestien 9.8), 
252 


Honce, a footing width of rio 6.3 ft. Is required. 
> 
To find the footing depth enter e 
Fig. 2°35 with a soll pressure | 
ik wis eee wef [a 
of 49 ksf and 9 = 1 (thorefore on 
OF 4, = 50,005); find 4 = 0.55, | 64 


eee eee ee 


Since £ = i (6.3 - 0.5) = 2.9 ft., d = 0.55 (2.9) = 1.60 ft. for flexure. 
Check shear requirement in footing. From Fig. 9-36, with W = 40 ksf and 
fe = 3000 psi, read 4 = 0.58. Therefore, increase d to 1.68 ft., or 1'8"", 
Use total thickness 2'0'', 

Dome and footing displacements are not consistent; a force Ho» as 


shown in the sketch, is required to pull them together. 


‘Determine Force Hy 


To evaluate the force Ho required to make the radial displacements 
of the dome and footing equal, set the hoop stresses in the footing produced 
by H equal to the Tg stresses in the dome produced by a combination of the 
applied external loads and Ho. 

Assuming a nominal amount (1%) of ring steel in the footing, the 
effective cross-section of the footing is: 


Concrete = 6,33 x 2.00 x 144 = 1824 sq. in. 
E 

Ring Steel = (0.01) (1824) (¢*) = 182 
c 


Total «= 2006 sq. in. of concrete 


E 
s , 30,000,000 
where Ee." 3,000,000 ™ 10 


fell 


As Indicated on Fig. 8-12, the circusferential force, Tg» in the 


dose produced by a force such as Hy» Is given by: 


T= E | 7 sin e| C lbs per ft. 


At the base of the dome, v= 0, and, from Fig. 8-12, C = 2.63. 

Under uniform radial pressure, neglecting edge restraint effects, 
the dome Is subjected to uniform compressive stresses In all directions which, 
for this problem, are (refer to footing design computations above): 


Z22.805 = 3500 psi 


Then, equating the hosp stresses in tha footing to the correspend= 


Ing stresses at the base of the dons ylelds: 


x 12 


(H1,) (20 X12) 560 ang | (H,) [= sin Sa* |(2.63) 
260 “6.0 x 12 7 6.0 x 12 


froa which H, = 10,000 ibs/ft. 


Effect of Hy on T Stresses 


Due to external lead: circunferential stress = 3580 psi In 


compression, as indicated above. 


Due to Ht Ty = [10,000 2818 sin 20° |(2.63) 


= 166,000 lbs/ft. in tension. 
The corresponding tensile stress Is 
pst tension. : 


An 12 ~ saps ss ere — 


Therefore, the net circumferential stress at the base of the dome 


Iss 
3500 - 2300 = 1200 psi, compression, 
e Effect of Hy on Ty Stresses 


Due to the external loads, the stress is equal in all directions 
and, for the case being studied, it is 3500 psi, compression. 

Reference to Fig. 8-12 indicates that, for a hemispherical dome, 
the longitudinal, Ty stresses can be neglected. 

Thus, the net longitudinal stress in the dome is 3500 psi, 
compression. 


Effect of Hy on M 


Due to the uniform external loads, the moment is zero. 


As indicated in Fig. 8-12, the longitudinal moment resulting From 


A [a feo sin e| (& 


where € has a maximum value of 2.45 at a point defined by iE ¥ = 0.6, which - 


Hy iss 


corresponds to: 


Hi eerie o ost = 0,095 rad. = 5,5° 
a x 2 ° 


Thus, the maximum value of M, occurs at ¥ = 5.5°, and is given by 


¥ 
Max. Hy = [ (10,000) V2 x 0.5 sin oot | 245) 
_ 2 7,850 ft-lbs/ft, 


An13— 
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Analyze a longitudinal strip one ft. wide under the combined - 
effects of ty and My. 
Actual thrust = P = 252,000 lbs/ft. 
Ultimate thrust, acting alone = Ph 
= ‘ 
Ph (0.85 Oye + 0,009 ?. fay) (6 x 12) 
= 262,000 lbs/ft. 


252 


P : 
Therefore, —- = = = 0,96 
: R 262 


With 0.5% steel on each face, 


® Fay (0.5) (50,600) . 9 983 
Too ft {Tsay tsodo} ‘ 


Entering Fig. 8-5, read # = 0,18 
u 


Thus, to be adequate, the ultimate moment capacity, acting alone, 
must be at least 


2859 . 43,600 ft-lbs/ft. 


mo = 0.18 


For the 6-in. dome selected on the basis of the preliminary analysis, 
with @ = 0.5 on each face: 
Hy = 0.009 > Fy, re 
= (0.009) (0.5) (50,000) (4.5)? = 4,550 ft-lbs/ft. 

Since the actual moment capecity is much less than that required, the 
dome should be redesigned with an increased thickness, unless substantial 
cracking In the dome can be tolerated, Reference to Fig. 8-12 indicates 
that the Intensity of bending moment Induced by the Hy forces dialnishes 


quite rapidly es the angle W increases. Hence, the severe crecking will be 
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local in nature. Furthermore, the.local inelastic behavior tends to permit 
the development of relative displacement between the dome and its footing, 


thereby reducing the force H, and the moment produced by it. 


2 
A.4 SHALLOW BURIED DOME 

Design a dome with an opening 

= angle of 90° and a radius of 30', which 

is attached to the top of a cylinder as 

Cylinder Walt 


shown In the sketch. The depth of earth 


cover over the crown is 4', Design 


for Pg 100 psi from a 10 MT, surface 


burst. Use ductility factor, p = 1.3. 


Average Depth of Earth Cover 


(21,2)? (12.8) - 4 (8.8)7| 3(30) - 8.8] 
H = 


5 
av x (21.2) 


= 8,1 <5; therefore, consider the dome to be partially buried. 


Loading (See Sect. 5.4.4) 


Uniform compression (peak value): 
Blast pressure = 100 psi 
Blast equivalent of D.L, . 4 psi = 0.51 (8.1) 
104 psi 
Neglect weight of dome. 


Flexural Component (peak value): 


H r 
[, wd | Peo” 2 - 4 Eb | (100) = 24 psi 


i. ths okt cmee ) | A-1S 
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Preliminary Design 

To obtain @ reasonable section to be checked by further calculation, 
use Fig, 9-29, 

With B = 45° and ee 100 psi, enter Fig. 9-29 

and read; 2 (0.85 fhe + 0.009 ?, Fay) = 135 psi 

Selecting fe = 3000 psi, fac = 3750 psi, . 


d 


fy = 40,000 psi, f, = 50,000 psi 


dy 
and ?, = 1.0, 


D 135 
comoute r 3630" 0.0372 


Thus, 0 = 0,0372 (30 x 12) = 13.4 In. 


Try O02 12" with ?, 7 1.0 (0.5% each face) 


Perled of Vibration (See Sect. 8.8.3) 


The same period should be used for both comzonents of lead. As 


recomsended In the referenced section, the effect of the soll mass is neglected, 


T & S-ft 2 20. « 0.012 sec. 


Loed Durations 


For the unlfors cozpressien component, try en effective duration 
equal to the initial sleze duration of the overpressure pulse. Then, froa 


Fig. 3-7 


19 1/3 
ty = ty, 20.15 >) = 0,32 sec. 
ta 0,32 
Since = = 0-012 = 27, the essvzeptien that tye ty Is reasonable. 


For the flexural component of load, the duration Is given by 


(Sect. 5.4.3) B. 
ts° (1 +3 zt 
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where + = L/U, U being the shock front velocity, which can be 
‘determined from basic data sources such as “Effects of Nuclear 
Weapons'*. For Bat 100 psi, U = 3000 fps. . 

Since the ground surface is level, B. = 0. Therefore, for the 


flexural component: 


: . biel Bee 
ty t 7 3000 0.014 sec. 


t 
d_ 0.014 
and = = 9.012 


= 1.17 


x 
Required Resistances (Fig. 9-1, with p = ra = 1,3): 


Y 
Uniform compression: 


t 


p 
For “d 29, ri = 0.61 


Hence, q. (required) = ae = 170 psi 


Flexural component: 
t Pp 
d 
For + = 1,17, = = 0.77. 


Hence, 4¢ (required) = 545 = 31 psi 


Compute Stresses Corresponding to Required Resistances 
For the uniform compression mode, the membrane forces are constant 
throughout, and are given by Eq. (8-62) as 
Pot _ 170(30 x 12) 
° 170(30 x 12 ; 
To = ty i aed 2 * 30,600 ibs/in 


in compression, The corresponding stress is 


T, = T 
ego we oY _ 30,600 
ToS, 5 ae ai 2,180 psi 
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For the flexural mode, the membrane forces are given by £€q. 


(8-64) as follows: 


= Sac [2 + cos ew | cot (B-y) tan 2 (EY) cos @ 

Pir 2 tan 2 (PY) 

ae [s + 4 cos (B-¥) + 2 cos e-v | Tin Gay ©°5 ) 
Py a tan? (BEY) 

= 


2 + cos ev) cw Gay sin 0 


where P, = q,/sin B = 31 psi/sin 45° = 44 psi 


These forces have their maximum values at the edge of the dome (y=). 


Therefore: 


T, = 44430 x 12 [2 + cos as* | cot 45° ten” 22.5° cos 0° 


¥ 3 
= 5280 (2.707) (1.0) (0.414) 2(1.0) 


= 2450 lbs/in compression 


: 4 
and the corresponding stress, Ty, is a = 175 psi 


ee 
= aoe a 12 E + 4 cos 45° + 2 cos” as* | ee 


sin 45° 


= 5280 (6.83) (0.414)? (1.0) 
0.707 
= 8730 lbs/in compression 


§720 
14 


and the corresponding stress, To» is = 623 psi 


| Bisset 
T,, = Abo x 12) [2 + cos as° | fan 22.3- sin 90° 


ey sin 45° 
= 5280 (2.707) {9.414)" (1.0) 
= 3460 lbs/in shear. 
and the corresponding shear stress, Toy? = 247 psi 
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Resultant Maximum Stresses 
to = 2180 + 175 = 2355 psi compression 
to, = 2180 + 623 = 2803 psi compression 


Ttoy = 0 + 247 = 247 psi shear 


These stresses are based on the assumption that the edge of the 
dome is not restrained but is free to deform in a manner consistent with 
these stresses. | 
Investigete Edge Restraint Effects 

The following analysis is based on the assumption that the cylinder 
walls on which the dome is supported are rigid, This is, of course, an 
unreal assumption and will lead to edge-restraint stresses in the dome that 
are greater than they actually would be. 

Consider first only the uniform compression mode, 

Assume that the cylinder wall is rigid and that there is no relative 
displacement between the dome and the cylinder, though rotation is permitted 
at their juncture, Under this condition, Tp must be zero at the edge of the 
dome, instead of 30,600 lbs/in in compression as computed earlier. Therefore, 
from Fig. 8-12, the edge force H necessary to establish this condition is 
given by 


H | . (sin B) C = 30,690 lbs/in, tension. 


from which 


30,600 


. {30 x 12 
aa (0. 707) (2.63) 
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H = 


= 3230 lbs/in 
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The ty force produced by this value of H Is, from Fig, 812: 


eg [1 sin B cot p| Cc 
= (3230) (0.707) (1.00) (1.0) = 2280 lbs/in tension 


end the corresponding stress Is 


a = 2 = 163 pst In tension. 


The bending eoment produced by this value of H is, from Fig. 8-12 


Hy REX, = [* (rd sin e| 45 
= 3230, /(30 x 12) 14 (0.707) (0.245) 


= 39,600 in-lbs/In 


which oscurs at ¥ = 7° 


Consider now the flexural comeonent of lead. As for the uniform 
coexpression moda just considered, essuze, by virtue of the rigidity of the 
cylinder, that there are no displacezants at the base of the dome, though 
rotation Is possible. Consequently, the previously computed flexural 
component stresses must be modified. | 


Frea Eq. (8-66) coxpute 


~ 30 x 12 
a@eil,3 | id = 6.6 


Tha support cenditions for the dome (as assumed above) are: 


Hy = 0 end & = 0 (no horizental displacement) 
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From Eq. (8-67), the zero moment support condition yields 


Ed 


| 
i ee « J2¥ . —L_y bv i 
: [a aq cot B) k + (a cot B + 1 ) k, 1) 


Since the dome Is to be constructed of concrete, v is assumed to be zero. Thus 


[} - sey (1.0) k, + [6.6(1.0) +1- +] eae ko = 0 
27 , 
and ka > 14.4 k 


Froa Eq. (8-70), the second susport condition stipulating zero horizontal 

displacement is 

Bg 68 UH 

(-4 Q ° 1 s 

== 1 [2 coe 8 = sphg] +k, [2? cine - a cos 8] =0 

where BG and Uy represent membrane displacements. The quantity a6 Is the 

horizontal displacezsnt accompanying the membrane stresses and is therefore 
&, =~ sin B + v cos B 


and, substituting for w and u thelr values from Eq. (865), 


= = ip {sin B leg (1 + cos B) + sin B + cot B (1 - cos °) | cos @ sin B 


- cos B log (1 + cos p) +1 + PELE B| cos @ cos al 


; Pir 
With B = 45°, and @ = 0°, —2=- 09,0402 ao 
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Similarly:. 


uy Pir 1 Pic 
2 = he | tog (1 + cos B) -i-arkes |e 0.3504 ~—> 


Therefore, for B = 45° and @ = 0°, 


Bry P 
ee ee 0.3906 oars) 


Then 


Pir 
-|a cos BB - hs ky + [2 at sin B - @ cos e| ko = 0.3906 +. 


-{6.6(0.707) - 1.414] k, + | 243.6) (0.707) - 6.6(0.707) |{-14.4 k,)= 0.3906 a 
. Pir 
- 825 k, = 0.3906 45 
Pure 
k, =~ 0.000474 —-— 


and ky z- 14,4 ky 


Pir 
0.00682 a) 


With the values of ky and ky now known, the magnitudes of My Ty To» and 
Tye which result from the boundary effects, can be determined from the 


equations of Table 8-1, 


M 
zie = {[ 1 - i cot dk, - cot B+ 1 - yao 
EDr | 2a 2 ‘win B 202 1 Py 
[0 = & cot By, + (@ cor B +1 - 5 ) 45 k,| of cos 2 
, oe sin’ B 2a pS 
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where ve = are sin QV and a = oe cos Q@y¥. For maximum, at @ = 0°, 


Por 
5(-0,000474 -t feesin 


M 
l 
ai = [0 - zp 0.00082 4 ay .2tbee tbebs 


{a 7 Typ) (-0. 900474 ~ +) + (6.6 + 1.0 - p)—+ (0, o06s2 5) feroe os 
6)* 


0.5 2(6 


ny =4{[ 0. 9243) (0.00682) + (5.6) 5 (oO. 090474) | « ea sin Gy ~ 


~ (0.9243) (0.000474) + (5.6) 5 (0.00682) | eh ces av} pe 


y fo. 00630 + 0 .00003 |e PON iy ios | -0.00044 + 0.00084 | a Veos aut Pir 


. [0.00633 erot sin oy pir? 


The position of the maximum moment My is obtained from: 


OM 


‘S 2 a(er¥ sin ay) 
sy 0.00633 Pr ois gin ot) 0 


Therefore, 


“QW, 
Pte sin Sy) rors ea sin Qy + ae" oY cos Gy = 0 


and sin @¥ = cos Qy 
Therefore, the maximum moment occurs at an angle 


ay = 45° or ¥ = tegy = 6.8" 
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which is at the same location as the uniform compression moment previously 
computed, 


oY sin ay = 8" 85 (sin 45°) » 0.321 


Tnerefore, 


_ . : 
Le (0.00633) (0.321) Pirie 11,600 in-lbs/in. 


From Table 8-1, 


ty = [otk Pot. 8 
£0 L 1 z . 2 
sin’ B 


1 
+ [at, - k,) cot B + ——> ke | o,} cos @ 
sin B 


for which a maximum exists at @ = 0°. 


; 
ae [ (6.6) (0.00635 4 Hi; 0) - 


Z 
= (-0.00047 —- ed 2 | a cog ay 


Q. wer 


iv oie 
a | (6.6) (-0.00729 = yc, 0) + —ex~ (0.00682 +] e ‘sin ay 


Qo. 500 
T= [0.0828 e cos ay - 0.0345 e™ sin ay Pir 
The location of Ta ase is given by 
3T 


sy = 0.0428 Pir (-ae"7¥ cos Ay «= aeC¥ sin ay) 


0.0345 Pyr (-ce" sin ay + ae’ cos ay) = 0 


0.0773 cos ay - 0,0083 sin ay = 0 


cos Q@Y = - 0,107 sin ay 


A-24 


Thus, for T, = max., or min, 


¥ 


ay = 96° and wv = 14.5° 


A T 
aes W max 


- Then, Ln aes 


or min, may occur at ay = 0° 


= [0.042 cos (96°) - 0.0345 sin (96°) | Pir e7 1675 
4 


= [0.0428 (~0.105) - 0.0345 (0.994) (0.187) Pir 


= - 0,0073 Pir 


= = 0.0073 (44) (30 x 12) = = 116 Ibs/in. 


The corresponding stress is 


5 . ll6 


‘ ia 7 8 psi, compression 


At the edge Qy = 0 


Yy max 


= (0.0428) Pir = 678 Ibs/in 


678 


¥ 


aia yi 48 psi tension 


The Ty forces arc given by Table 8-1 as: 


where ~ « [ 20? k 
r 2 


2 
2a (k, 


= 87,2 [o. 


Pee reper renege EC RT CO Ne ee Ee Ne ee Se re mer pete te eae 


otk ®,) cos 8; and, for @ = 0°, 


Por 
00682 e* cos ay - 0.00047 | +. 
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T P.r 
and =e = [0.0428 e cos ay - 0.0345 e "sin av | 5 for @= 0°. 


Therefore, 


Tp = [o.ss2 a tes ay - 0.0054 eosin oy | Pir 
and its maximum occurs at: 


aT, 


-ay 
so” 0.552 Pir (-Ge 


ay 


cos Gy = Ge ~*sin ay) 


- 0.0054 Pir (-ae“¥sin ay + ae cos ay) = 0 
from which 
cos Qy = - 0,982 sin ay 
cot ay = 0,982 
and Qy = 135°, 


7 135 = ° 
Thus ¥ for Tg alee 20.5 


The Tg force thus becomes 


T9 = [o.s47| [cos a ect Pir 


= [0.547] [0.707 [0.095 | [+4] [30 x 12] = 572 lbs/in. comp. 


The corresponding stress is 


$72 - P 
8p a4" 42 psi compression 


The Tye as given in Table 8-1 is 


ve d 


“ED = site {lat + ko) - ky cot e| i + [at, - k,) + ke cot e| o,} sin @ 


A-26 


For maximum at 9 = 90°: 


Tye = 1.414 {| 6.6(0,00635) + 0.00047 Peace A ay + | 6.6(-0.00729) + 
0.00682 | eV sin av} Pie 
«= 1.414 [0.0424 oleae ay - 0.0413 Pe res av Pir 


The max. Tye occurs at 


oT . 

-st2 = 1.414 Pye {0.0824 (~ae" cos ay - ae sin ay) - 0.0413 (-ce sin ay 
+ Gar cos aw) } = 0 

Therefore, 


- 0.0837 cos AW - 0.0011 sin ay = 0 
cos Gy = ~ 0.0132 sin ay 
cot Q¥ = - 0.0132 or ay = 90° 


and = ad = 13.6° 


Another possible max of Tye is at Qy = 0 


For @y = 90° 


T. = 1.414 [-0.0413 et Ba 


1) i 
= - 1,414 (0.0413) (0.208) (44) (30 x 12) 
= - 192 lbs/in 


192 
to" = “ag =< 13.7 psi shear 
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~ 
n 


yo 1.414 (0.0424) (44) (30 x 12) 


Re 


950 lbs/in 


950 i 
Ty9 i4 ™ 68 psi shear 
Stress Summary ; 
The several maximum stresses, and the points at which they occur 


are summarized below. Tension is indicated as positive and compression 


as negative, 


Membrane Stresses | Edge Effects 
Uniform Flexural Uniform Flexural 

Comoression Mode Comoression tode 
Gg = 2180 psi 623 psi + 2180 psi -42 psi 
v = all 0 0 20° 
) = all 0 all a) 
tf -2180 psi “175 psi + 163 psi + 48 psi; -8 psi 
v = all 0 0 0 ; 14.5° 
@ = all 0 all 0 ; O 
5 = 0 247 psi 0 68 psi 
¥ - ali 0 all 0 
6 = - all 90° all 30° 
My = 0 O- 39,600 in-lbs/in 12,200 in-lbs/in 
¥ = 211 all 7° 6.8° 
Gos all all all o- 
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A review of these tabulated stresses indicates clearly that, 
except for the bending moment induced, the edge effects are of relatively 
little consequence. 

To study the influence of the edge-effect moment, note that it 
acts in combination with the ay stresses. Since Tye for the flexural mode 
edge effects, is obviously quite small and varies from + 48 psi at ¥ = 0 
to -8 psi at V = 14.5°, it may reasonably be neglected at ¥ = 7°, the point 


of maximum moment. Thus, the thrust may be taken as: 


Tae (-2180 - 175 + 163) psi x D 


(~2192) (14) = 30,600 Ibs/in 


and the maximum moment is: 


My pai (39,600 + 11,600) in-lbs/in 


= $1,200 in-lbs/in 


The ultimate thrust capacity is: 


dy) ° 
= (3630) (14) = $0,800 lbs/in 


= a 
Py (0.85 fie + 0,009 o, f 


Then, 
Ty max . 30,690 . 9 g9 
RG 50,600 : 


Entering Fig. 8-5 with 


@ f 
d 0.5) (50,000) 
100 2 190) (3000) 0,083 


read a = 2.0 


on | A-29 


Therefore, the required ultimate moment capacity is: 


M. 5 
x fan 2 208 = 25,600 in-lbs/in 


p 
With oF 1.0 (0.5% each face), and assuming d = 12" (2" cover 
on steel), the ultimate moment capacity of the trial section is 


2 
M = 0.009 9 f,d 
i) ? Fay 


= (0.009) (0.5) (50,000) (12)? 
= 32,400 in-lbs/in 


which is greater than required, 


It may be concluded that the trial section (D = 14'', 9 = 0.5 on 
each face) is adequate, and somewhat conservative. The section could be 
reduced slightly. 

It should be noted that this analysis assumed the supporting 
cylinder walls to be rigid; consequently, the computed edge effects are 
somewhat greater than they would actually be if the cylinder walls deformed. 
After the side walls of the cylinder have been designed, the dome should be 
investigated allowing for movement of the support. The boundary conditions 
to impose are that the dome and the cylindrical side wall have equal 


displacements at their edge. Reference 8-24 contains a method for accomplish- 


ing this. 
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APPENDIX B 


DYNAMIC THEORY OF STRUCTURES 


B.1 INTRODUCTION 


B.1.1 Single Versus Multi-Deqrees-of-Freedom System 7 Most 
structures ere exceedingly complex in their dynamic behavior. There is 
an interplay of elastic and inelastic vibrational modes, and different 
parts do not necessarily respond in phase with each other. The complete 
configuration of a deforming complex structure usually defies accurate 
mathematical description, 

Mathematical analysis is possible for structural systems having 
only limited degrees of freedom, but for more than a few degrees of freedom 
the solution becomes exceedingly tedious. By ‘degree of freedom" is meant 
the number of generalized coordinates necessary to describe the deflected 
configuration of a structure. Even something as elementary as a beam actually 
has an infinite number of degrees of freedom. Fortunately, the contributions 
of the higher modes are slight and good approximations can be made without 
them. 

As might be expected, the systems most attractive for mathematical 
solutions are too simple to be found in practical situations. The single- 
degree-of-freedom system is an example, It consists of a lumped mass 
constrained to move without friction in a single direction normal to gravity 
forces, a linearly increasing resistance to displacement, and a concentrated 


time-dependent force applied to the mass in the direction of permissible 


San aa UR EReNEaareentokaredentaacecummmenamaaereieeemmremmetie 


movement. This system is susceptible to analytical solution when the 
forcing function is simple, but there are few important practical cases 

of such a simple system. However, many real structures can be approximately 
described by the single-degree-of-freedom system and can be thus solved 
with sufficient accuracy for engineering purposes. This means that If the 
distortion of the element or stiuctuce In the mode of expected failure can 
be expressed mathematically as a function of one variable, then the system 
can be approximated by the single-degree-of- freedom syste. 

7 If there is an ideal correspondence between an actual structural 
systen deforming in an assuzed pattern and the sting eadegraacorstveston 
systea model, the following will be true: . 

(1) The displacement, velecity, and eeceleration of the medcel ere 
at all times equal to the displacezent, first time-derlvative, end second 
time-dsrivative of the governing dimension of the actual structural systea. 

(2) The kinetic energy, strain.energy, end work done by external 


loads for the model are equivalent at all times to the corresponding total 


energles for the actual structural system. 


From the ebove sets of conditions, “equivalence factors can be 
obtained for the mass, stiffness, and lesd paramsters of the actual systea 
so that these paramaters may be used in the equation for the single-degree- 
of-freedom model, For each type of element or system the equivalence 
factors will generally be different. These have been worked cut for a 


great number of elements and conditions of support. 


For an actual structural system vibrating In a single mode 
without load and a single-degree-of-freedom model In free vibration, 
equivalence can be obtained by adjusting the perlod of the actual structure 
to account for the distributed mass and stiffness. Then, if the structural 
resistance Is defined In the same units as the applied loading, and the 
structure deforms in the shape of the mode assumed, the solution for the 
model will be a solution for the actual structure, If the structure does 
not deform in the shape of the mode assumed, the model solution will be 
only an approximate solution for the ectual structure. The effectiveness 
of the single-degree-of-freedom model sppreximation depends on the 
correctness of the assuacd configuration. This is the approach of Ref, 

Bel, which gives general procedures for design. 

The seme equivalence reletionship between actual systena end nodal 
does not generally hold for beth the elastic and plestic ranges. One there- 
fore might select two equivalent modcis, one for the elastic range and one 
for the plastic range. Another approach would be to use the equivalence 
corresponding to the predominant action, I.e. mostly elastic or mostly plastic. 

The single-degrec-of-freedoa approximation Is fortunately better 
for design than for analysis. The error sensitivity is less, when starting 
with a desired sextmun deformation and solving for the required static 
yield resistance in terms of the peak overpressure, than in the reverse 
situation. Therefore, an error Introduced In the desired maxtmua deflection 
by the single-degres-of-freedom approximation will not produce a significantly 


large error in the cozputed dssign strength required. 
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‘B.2 METHODS OF AMALYSIS OF SIMPLE SYSTEMS 

B.2.1 Introduction. There are two fundemeneal methods avallsble 
for treating simple systems subject to dynamic forces. The first of these 
methods is concerned with solving the differentia! equations of the system 
either by classical, numerical, or graphical means. The differential equa- 
tion approach Is, of course, not restricted to simmle systems. The second 
method of analysis depends on solutions which have been accuaulated by use 
of the first method, and Its an approximate method. The method of solution 
wevkch ts most desirable for a particular problema depends on the character 
of the problem, the accuracy desired, and the time available for finding 
the solution. 

All notations are defined when first used in this Appendix and are 


summarized for reference In Section 8.3. 


B.2.2 Methods of Analysis. 
{a) Differential Equation Approach. 
1, Equations of Hotion. The equation of motion for a 


simple system takes the form: 


2 
nS + o& + a(x) = p(t) (81) 
dt . 


where m Is the mess, c the coefficient of damping, q(x) the resistance funce 
tlon, and p(t) the forcing function, If attention Is restricted to the 


undamped case, c = 0 and the resulting equation of motion is: 


dex 
“2 + q(x) = p(t) | (B-2) 
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(b) Classical Solution. for some very elementary problems 
the equation of motion can be solved easily by the methods of classical 
differential equation analysis. Unfortunately, practical problems are not 
often elementary problems, and although the classical aaslysiacéen usually 
be made, the solution tends to be a lengthy proposition, ylelding results in 


quite complicated forms. 


(c) Greshicel Solution. There are two distinct types of 


graphical solution, the gyrogrem method end the method of graphical Integration, 
The first of these methods, the gyrogram mathed, has found a great deal of 

favor In the past, and has been discussed In great detall In the literature, 

A thorough treatment Is Included In Ref. B-2, The second mathed, thet of 
graphical integration, has been epplied to a variety of problexs, but Is 

really useful In only a few applications. For problems In which the resis- 
tance is constant, such as the sliding preblem, this method is probably the 
simplest way of finding the solution. Since the sliding problem Is not a 
typical underground problesa, a thorough discussion of the method of graphical 
_Integration will not be given here. The method is discussed In detail In 


Ref. B-3, 


(d) Rurerical Integration. The method of numerical 
Integration is probably the most generally applicable method of analysis In 
structural dynamics problems. It can be applied to any system with a finite 
number of degrees of freedom, and can treat any force-displacement-time 


relationship, ranging from linear elastic to non-linear visco-elesto-plastic 


relations. The method of numerical integration has found wide application 
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on electronic computing devices for compiling the solutions to simple 
problems, and for the rapid solution of problems in the dynamics of 
complicated systems. For hand computation the method is best suited to 
systems of a few degrees of freedom with simple force-resistance relations, 
such as the bilinear elastic or elasto-plastic resistances. In the follow- 


ing material many of the results of theorems on stability and convergence 


“will be stated without proof for reasons of length and simplicity. The 


reader is referred to the many excellent papers in this field for a more 
complete discussion of these subjects. 
The differential equations of motion of a system of a finite 


number of degrees of freedom may be written in the form: 


x! , Ew 1, 2eeeeW'  (B+3) 


where p' (t) is the applied force on the jth 


th 


mass, q! (x) is the resistance 


mass, and ¢! (x) is the resistance due to 


velocity (i.e. viscous damping) of the jth mass. The resistance could also 


due to displacement of ‘the i 


include functions of higher order time derivatives, but these are not usually 
of interest in structural problems. 

The bases of the method of numerical integration are the subdivision 
of time into Intervels At, and the assumption of the nature of the variation 
of the acceleration during the time interval, The procedure recommended 
herein was developed by N. M. Newmark and presented in Refs, BeS and B-7. 

It is convenient to adopt the notation developed in Ref. B-5; thus the 
.th 


velocity and displacement of the i- mass and of the (n + 1) th time interval 


B-7 


are given by: 


of oti i sei eek 

a a a (x x joy) {B-4) 
x! ax Shea oe 2 +a | = Sy ary? (8-5) 
n+] n er 2 gh alse a er ae a : 


If B = 1/6 the variation of the acceleration is linear, while B = 1/4 


corresponds to a constant acceleration which is the average of x and x, tie 


Values of B of 0, 1/12, and 1/8 can also be given simple geometric 


interpretations. 
The method then proceeds as follows: For t = 0 the acceleration, 


velocity, and displacement are computed from the given initial condition and 


bai 


the differential equation. Then, for t = At, the acceleration Xie 


Using Eqs. (B-4) and (B-5), the velocity and displacement x and x) are 
i 


i and x), the resistances qi (x) and r' (x) can be 


is assumed. 
computed. Knowing - 
evaluated, These values are then substituted into the differential equations, 
Eq. (B-3), and the assumed accelerations checked. If the resultant and 
assumed accelerations are net in agreement; the resultant acceleration can 

be used for the next trial until the procedure converges. 

The important questions which arise in the application of numerical 
integration are convergence, rate of convergence, stability, length of time 
interval, and choice of &. All of the questions are interrelated and have 
been studied fairly extensively. Some of the results of these studies are 


presented in Tables B-1 and B-2. In Table 8-1 the rate of convergence for 
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an undamped single degree of freedom system. is presented for various values 
of B and St/T (the time interval scaled by the natural period of vibration). 
The smaller the value of the rate of convergence, the more rapid the conver- 
gence. In Table B-2 the stability and convergence limits for an undamped 
Single-degree-of-freedom system are given for common values of B, The 
scaled time interval At/T must be less than both these limits to insure both 
stability and eanversence: For systems with several degrees of freedom, 

the stability and convergence limits must be applied in terms of the natural 
period of the highest mode of vibration, f.e., the minimum natural period, 

The choice of B, of course, governs the accuracy and ease of appli- 
maces of the method, Extensive work in the application of this method has 
brought the following conclusions: When B = 1/6, the method is best suited 
to forced vibrations with damping and with initial velocity and displacement. 
The best results in amplitude of response are obtained for an undamped 
system using B = 1/4, For B =1/!2the method is most rapid and accurate for 
an undamped system without initial velocity. For very rapid results, where 
accuracy is not of primary importance, B = 0 often proves useful. 

| B.2.3 Approximate Analysis of Simple Systems Subject to Dynamic Loads, 
fa) Intreduction. As noted before, the differential equation 
of motion of an undamped, single-degree-of-freedom system takes the form: 
a 


m—% + q(x) = p(t) (8-6) 
dt 
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The functions q(x) and p(t) that characterize the problem can be restricted 
to a limited number of forms for the usual blast analysis problem, 

For the large majority of structures, the resistence function, 
q(x), can be adequately idealized to a bilinear form, t.e., a continuous 
function composed of tie straight line segments as shown In Fig. Bel. In 
Fig. Bel, Yy Is the yleld resistance and xy the yleld displaecezent. For 
x > x, the resistence may Increase, decrease, or remain constent as Indicated 
by the three lines In the figure. Also, when x > > unloading will cccur 
élong a line parallel to the elastic portion, leaving a permanent displecenant 
in the syster,. 

One of the iazertant parexeters In dynemic enalysis Is the natural 
pericd of vibration of the structure for elastic deforestions. Tals 
quentity, T, can be cexsuted from the mass of the system end the slope of the 


elastic portion of the resistence curve, and ts defined as: 


T= 2x | Bey (B= 7) 
q 


Y 


(b) Feree Functions. The nature of the leading preduced on 


@ structure by nuclear blast Is dependent upon the weapon size, distance froa 
the point of detonation, end the geometry end orientation of the structure, 
however, the force functions can usually be idealized to one of the forms 
shown in Fig. 8-2. For sicplicity in computation the pressure and tima coor- 


dinates have been reduced to dimensionless form by scaling pressure by the 
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yield resistance, time by the sseurat period of vibration, and concentrated 
impulses, I, by the product aT. 

(c) Response of an Elasto-Plastic System to an Initially 
Peaked Triangular Force. Probably the most commonly used force function is 
the initially-peaked triangle. This simple force function has been studied 

extensively, and the results have been used in the approximate analysis of 

- the effect of the other more complicated force functions shown in Fig. B-2. 
The maximum response: of a simple system with elasto-plastic resistance 
subject to an Initially-peaked triangular force pulse ts shown In Fig. B-3, 
This chart is a convenient plot of solutions made by numerical Integration 
of the equations of motion of the system using the ILLIAC, the electronic 
digital computer of the University of Illinois. Given any two of the three 
parameters on this chart, the third éan be found immediately. For instance, 
if the response, u:, and the duration of the force are specified, then the . 
ratio of the maximum pressure to the y:2ld resistance can be read from the 
chart. 

The chart in Fig. B-3 can be extended to resistances other than the 
elasto-plastic with the introduction of only minor errors (of the order of 
S per cent or less). 

(d) Replacement Resistances. Although the methods are 
similar, it is convenient to treat the strain hardening and decaying 
resistances separately. The strain hardening resistance can be replaced by 
an equivalent elasto-plastic resistance in a number of ways. The method 


found to be most convenient and accurate is that known as the constant period 
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replacement. The criteria for the replacement are: 

1, The energy absorbed during the displacement of the 
elasto-plastic replacement resistance ween nee Taunt a enene. must be the 
same. In essence, this requires that the area under the two resistance curves 
must be equal, | 

2. The initial slope (k)) of both resistances must 
be the same. ‘Thus, the natural period remains unchanged, The constant 
perlod replacement is illustrated in Fig. B-4, The equality of the energies 
is affected by equating the two shaded areas "A" and "B'", The yield 
resistance and displacement of the repacement system (primed symbols) are 
related to the corresponding quantities of the original system by the follow- 


ing relations: 
aia, tue (= 1 = Ky? (3-8) 
where k is defined ae 
phe a / 4) (8-9) 


Using the above formulas, a system having a strain hardening resistance sub- 
ject to an initially peaked triangular load can be analyzed by first replacing 
the resistance with an elasto-plastic one and then using Fig. B-3. 

When the resistance is decaying the same method of den lacenent. i.e. 
elasto-plastic, can be used as for the strain hardening resistance with the 
exception that the pressure level computed for a specified maximum response 


may be less than the pressure level necessary to cause a maximum displacement 
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less than that specified. This phenomenon generally occurs only when the 
duration of the force is long. 

In the case of a long duration yong there is a maximum pressure 
level, Po? and a corresponding maximum response called the epparent maximum 
response, igs which is less than the collapse response, Hoe This apparent 
maximum response, Has is the largest finite response obtainable for a given 
load duration since any pressure level greater than Po will cause an infinite 
response, 

If the maximum displecement of interest is less than Hey» then 
Eqs. (B-8) and (B-9) can be used to make the elasto-plastic replacement and 
the pressure-time-response relations of Fig. 8-3 employed. On the other hand, 
if the maximum response is greater than Ug then Pa is the controlling 
maximum pressure. The simplest method for determining Poy and Uo ts to plot 
the pressure versus response for several values of response such as that 
shown in Fig. Be5. The curve ASC represents the proper pire<sureedlaplacenent 
relation, while the curve ABD is that obtained using the replacement resistan 
The values of Me and Py are the coordinates of the maximum of curve ABC, 

(e) Damage Pressure Level Equation. Another epproximate 
method for determining the pressure necessary to cause a specified response 
is the so-called damage pressure level equation developed by Newmark. The 


equation takes the form: 


pr/q 
Pa/dy = Pia, + aL (B~10) 
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where 


- it. & 1/2 xl; 
' eet = -1)*] -—2 a 
Pad, nt {| 24 1+ k(p - 1) aT (B-11) 
Y 
and 
: 2 xl 742 ; 
ye ee ae uso 2 [e3| B~12 
Pin Yy , 2u i au 2u at ( ) 


Equation (8-10) is directly applicable for an (ad tial ly-peaked: 
triangular force with an initial impulse I, acting on elasto-plastic systems 
(k = 0), strain hardening systems (k > 0), or decaying systems (k <0). In 
@ decaying system Po and io must be found in the seme manner as described in 
the section on the elasto-plastic replacement of a decaying resistance, The 
moximum detected difference between the epproximate damage pressure level 
equation (Eq. 8-10) and the exect theoretical solution Is less than eight 
percent, . : 


(f) Heximun Dynamic Ress 


For an initially-peaked triangular force pulse, the dynenic behavior of a 
simple system is defined by either Fig. 5-3 or the damage pressure level 
equation. For other initially-peaked decaying pulses, a technique developed 
by Newmark is aoplicable, 

Consider the force pulse shown in Fig. B-6a, which is ecting on an 
elasto-plastic system. The approximate peek pressure necessary to cause a 


speclfled response Is given epproximately by: 


f f c c 
1 2 1 2 
Ver Gee ae Ee | | 
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where fy = C) Pay is the peak pressure of the upper triangular component; 
fo = Co P»/4y is the peak pressure of the lower triangular component; Fy is 
the pressure level ratio, Pad Vy? required to give the specified response if 
only the upper triangle were acting; and Fo is the pressure level ratio 
required to give the specified response if only the lower triangle were acting. 
Fy and Fo may be found from Fig. B-3. 

If an initially-peaked decaying force is approximated by a number 
of triangular components as illustrated In Fig. B-6b, Eq. (B-13) can be 


generalized to the form: 


N 
Cc. 
Pal Wy 3 7, = (8-14) 
i=l 


Peak pressures computed from Eqs. (B-13) and (8-14) are lower bounds to the 
actual pressure consistent with the specified gaxtoun response. The errors 
in this averaging technique are generally less than 10 percent, while the 
maximum possible error is 20 percent, which occurs when this technique is” 
used to predict the damsge pressure level for an infinite duration step 
pulse with an initial impulse, 

If the shape of the force pulse is such that it can be approximated 


by two straight lines, then an upper bound solution is given by: 


f,72 f, fe, p42 ce, Pp 
1 
El +2-(22] +h 8s 1 (B-15) 
1 2 1 Y 2 Yy 


This equation is exact when Eq. (B-13) has Its maximum error and hes 


its greatest error when Eq. (8-13) is exact, I.e., when both components are 
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either of very short duration, of very long duration, or of equal duration. 
The maximum calculated error In Eq. (B-15) is approximately 23 percent. 

An upper bound solution for an initially peaked decaying force 
pulse which is approximated by more than two triangular components may be 
obtained by squaring the impulsive components. It is, however, usually 
very difficult if not impossible to detect which components are to be treated 


as "impulses", 


(g) Maximum Response to a Deleyed-Rise Triencular Force. 


Consider the force pulse shown in Fig. B-7. A small chenge in the rise time, 
t,/7 can have a significant effect on the response of a system subject to 
such a pulse, Fortunately, Kelevarp the danas pressure devel is usually 
only slightly affected by a varlation in rise time. 

The effect of rise time on damage pressure level is given approxi- 


mately bys: 


us Bel6 
[Pa | K. [Pa/4y or (B-16) 
1 [os . 
fo peer - Seeman ae Cae 2h . 
K. r at,/t » but always K. < i (8-17) 
1+ a sin 


where [Pa/, | is the damage pressure level for the rise time pulse, and 
t 
1 


[>./4, | ‘ is the damage pressure level for a pulse of the same duration as 
t,= ; 
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the rise time pulse, but having zero rise time, i.e., an initially peaked 
triangular pulse. This value is given by Fig. 8-3 or the damage pressure 
level equation. 

For a more complete discussion of the topics covered in this 
section, see Ref, B-4, | 

B.2.4 Sliding, Overturning and Rebound of Simple Systems. Of 
these three problems, the first two arise primarily in the consideration 
of above-ground structures, while the third, rebound, is of interest in both 
above-ground and under-ground structures. 

(a) Sliding Systems. The simplest type of sliding system 

(which is the one to be considered here) ig one in which no motion can take 
place until the epplied force is greater than the sliding resistence, the 
sliding resistance being a constant. In this case the differential equation 


of motion becomes: 


2 
n% + q = p(t) (8-18) 
dt | | 
or 
xX = 4 [o(e) o a] "  (Be19) 


From Eq. (B-19), the acceleraticn-time diagram for the system cen be plotted 

as in Fig. 8-8. Note that both the positive acceleration, p(t)/a, and the 

negative acceleration q/m have been plotted above the t-axis for cenventence. 
The velocity, x, can be obtained from Eq. (8-19) by Integration, thus: 


Pil [wine] aisha | euaclanen: (8-20) 
° 


° 
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The maximum displacement will occur when the velocity is zero. When the 
Initial velocity, x? is zero, the condition for a maximum is: 


i) 


at, = f p(t) dt (B-21) 


° 
This implies that the cross-hatched areas A and B in Fig. B-8 are equal. 


The displacement Is obtained from Eq. (B-20) by integrating, thus: 
t + 
x -— J fever ae dt - 1/2lq/m) t? + x, t+ x, (8-22) 
© Oo 
or for zero initlal conditions: 


tor 
x -+ ff p(t") de® dx = 1/2(q/e) t? (8-23) 
°o 6° ; 


Eq. (8-23) Is equivalent to taking the first socent of areas A and B ebout 
t maxieun. 

Waen a sliding system Is to be davigned, the ebove analysis would 
prove much too laborious, so that it is more convenient to use the follewing 
approximate formula developed for an initially peaked trlencular lead, at 


least fer the prelialnary work. The approximate formula (see Ref. Be4) Is: 


P See 
ae gs ae . (8-24) 
q ty q 


The design made by use of Eq. (8-24) can then be checked by use of the more 


exsct procedure outlined above, 
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(b) Overturning Systems Without Sliding. In this problem 


it is assumed that the structure will be seriously damaged if it overturns. 
Thus, it is necessary to consider only the conditions which will cause the 
structure to be on the verge of overturning. In the following the structure 
Is considered to offer (from its own weight only) resistance to overturning. 
The force pulse is assumed to act laterally on the structure and to be of 
short duration so that the structure will not move appreciably while the 
force is acting. For the system shown in Fig. Be-9, the demage-pressure level 


for a triangular force is given approximately by the formula: 


2 fa 
p/q =1+/] So (8-25) 
ay taV wo 


where 45 is the polar moment of inertia of the structure about point 0 of 
Fig. B-9, W Is the weight of the structure, and D is the distance from point 
0 to the center of gravity of the structure, No more elaborate analysis 

is presented in this problem because of the complicated nature of the inter- 
action between the structure and the loading. 


(c) Rebound of Simple Systems. In the design of members 


subjected to dynamic loading, the member must be designed to resist the 
negative displacement, or rebound, which can occur after the member has 
reached its maximum positive displacement. 

For an undamged single-degree-of-freedon system subjected to an 
Initially-peaked triangular force pulse, the ratio of the required rebound 


resistance to the yield resistance, r/qy» such that the system will remain 
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elastic during rebound, is given by the formula: 


where 


and 


2 29 sin(2ny, = a) 71/2 
donee ee Eee ee a ¥ 
q s E ry) day 4S | (8-26) 


=p of ¥y » P. being the magnitude of the applied force 
at the time of maximum positive Sr epAecemen ts t = 


= m 
| T 

Be eit ea 
@e arc sin Tey 45 


For design purposes, Fig. B-10 has been prepared which gives 


epproximate values of the rebound resistence required for en undsmped single- 


degree-of-freedom system subjected to an initially peaked triangular force 


pulse. 


The mextrmun error in Fig. B-10 Is epproximately 0.20 qYy and Is on 


the conservative side In all cases. Entering the chart with the value of 


the ductility factor (x,/%) and the ratio of the duration of the load 


pulse to the natural period of the systen (t,/7), it is possible to read 


directly the required rebound resistance, r, in terms of the originally 
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designed yield resistance, q° 


As a general observation connected with Fig. B-10, it may be 


noted that if the loading is applied in a relatively short time compared 


with the period of vibration of the structure, tne required rebound 


resistance may be equal to the resistance in the normal design direction. 


However, when the loading is applied for a relatively long time, the 


structure reaches its maximum deflection when the positive forces are still 


large, erd the rebound is reduced. 


B.3 NOTATION 


The symbols used are defined as they appear in the text, and are 


assembled here for reference. 


Cc = 
f; = 
Fos 
I 
I, = 
J = 
° 
k ss 
ky = 
K. a 
mn = 
p(t) = 


coefficient of viscous damping 
ratio of f; to Pr 


th 


peak force of i” component of multi-triengular force pulse 


value of P,/4 necessary to cause a given response by the 
jth component of a multi-triangular force pulse acting aloi 


inittal concentrated impulse 


polar moment of inertia of overturning structure about 
point of rotation 


ratio of second slope to initial slope in bilinear resista 


jth 


slope of multi-linear resistance-displacement function 
rise time correction factor 
mass 


force function 
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maximum applied pressure that {ts consistent with a finite 
maximum displacement for system with decaying resistance 
function 

peak pressure of pressure-time variation 

peak pressure in Brode type pressure-time functions 
resistance function 

yield resistance 

yleld resistance of equivalent elasto-plastic system 
required rebound resistance 

damping resistance 

time 

duration of force pulse 

tice at which maximum response occurs 

rise time of pressure pulse 

natural period of vibration 


displacement 


maximum displacement 


yleld displacement 


nuzerical integration parexzster 


ns xn, = response paremeter 


yt 


ae 


ratio of maxtauum displecement to yleld displecement of 
equivalent elaste-plastic systen 


maximua finite response ebtainable In a systen with dacay- 
ing resistence, under a losd pulse of glyvan duration 


value of 1 consistent with zero resistence for systea with 
decaying resistance function 
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TABLE Bel 


RATE OF CONVERGENCE 
(From Ref, B-7) . 


At/T B= 0 B = 1/12 B= 1/8 B = 1/6 p= 1/4 


0,05 0 0.008 0.012 0.016 - 0,025 
0.10 0 0,033 0,049 0.066 0,099 
0.20 0 0.132 0.197 0.263 0.398 
0.25 0 0.206 0,308 0.411 0.617 
0.318 0 0.333 0.500 0,667 1,069 
0.389 | * 0.500 0.759 1,¢80 1,569 
0.450 * * 1.000 1,333 | 2.0090 
TASLE Be2 
STACILITY AND CONVERGENCE LIMITS 

. Beo0 Bpel/l2 Be l/S Be l/S Ba l/4 
Seabllity Liait, St/T 0.318 0.389 0.450 0.551 © 
Convergence Limit, At/T °° 0.551 0.450 0.389 0.318 


* At/T exceeds the limits for convergence or stability. 
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(c) Finite Duration Step Pulse (d) Triangular Pulse With 
. Rectangular Percursor 
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(e) Double Triangle Force Pulse (f) Spherical Blast Wave 
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(a) Double Triangle Force Pulse. 
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(b) Multiple Triangle Force Pulse 


FIG. B-G6 MULTIPLE TRIANGLE FORCE PULSES 
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FIG. B-7 DELAYED RISE TRIANGULAR 
FORCE PULSE. 


Acceleration 


Time 


FIG. B-8 ACCELERATION-TIME DIAGRAM 
FOR SLIDING SYSTEMS. 
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FIG. B-9 OVERTURNING SYSTEMS. 
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APPENDIX C 


THEORETICAL BACKGROUND FOR PREDICTIONS 
OF FREE-~FIELO GROUND MOTIONS 


C.1 INTRODUCTION 

The ground motions produced by nuclear explosions are functions 
of the characteristics of the nuclear weapon, its location relative to the 
ground surface and the properties of the earth materials in the area 
affected, The stresses producing the ground motions are transmitted as 
stress waves which can be grouped into generel cbtegariee, P waves or 


dilatational waves, S waves or shear waves, end surfece waves or Rayleigh 


and Love waves. The charectcristics of these wave types are briefly dis- 


cussed below from a phenomenological point of view. For a rigorous 
definition of their character a stendard reference, such as Ref. C-l, 
should be consulted. 

A dilatational wave is a wave foracwnich does not produce shear- 
ing strains in the mediun through which It travels; it is typified by the 
air-blast wave in the air. A significant proportion of the air-Induced 
and direct-transmitted ground motions are attributeble to stresses propa- 
gated in this manner. The dilatational wave has the greatest velocity of 
propagation of 311 the wave types; for en elastic solid the velocity of 


propagation, c, is given by 


Z E{i - ¥ 
c "ote wll - av (c-1) 


The notation is defined in Section C.3. 

A shear wave is a wave form which does not produce volume 
changes or volumetric strain in the medium through which It passes. Shear 
waves contribute to both alr-induced and direct-transaitted ground motions, 
but the Influence of dilatational waves Is generally more significent. The 


velocity of propagation of the shear wave, Cyr is given by 


eT Swe i) 
Rayleigh surface waves, comparable to the waves preduced In still 
water by dregping In a stone, cen cccur when an interfece such as the alre 
ground boundary exists, The Rayleigh wave motion eccurs in a radia! plane 
extending outwerd from the source of the disturbance. The perticle motion 
at the surface produced by o Rayleich wave Is such that the perticle 
describes e roughly elliptical path with a herizental exis approximately 
two-thirds of the vertical exits. At the surface the Initlel horizental motion 
of the particle is opposite to the direction of wave propegation. Rayleigh 
wave motions reduce repidly with Increasing depth, but because the wave ts 
propagated at the surfece, or in two dlaenstions, It attenuates, due to 
spatial dispersion of its energy, much more Slostly with distence frea the 
point of burst then do dilatetional or sheer waves. For this reasen the 
‘Reyleigh wave Is respensible for the cost severe earthqueke ground motlens, 
kowaver, the icportence of the Rayleigh wave In ground motions preduced by 
nuclear explosions is not clear. A detailed study ef the results of nuclear 


tests, Ref. C-2, finds no evidence of prezinent Raylelch wave effects; 


C-2 


however, theoretical studies, Ref. €-3, and drop weight tests have Indicated 
that a surface burst of a nuclear weapon should efficlently produce Rayleigh 
waves. The velocity of propagation of a Rayleigh wave Is 0.9194 c, for v.= 0.25. 

Love surface waves differ from the Rayleigh waves in that the 
particle motions take place in a horizontal plane. Shearing energy Input 
and reflective conkai nant resulting froa the presence of a low selsalc 
velocity layer over a high selemic velocity leyer are required for the 
formation of Love waves, Love waves are not considered to have much Ine 
flucnce cn ground motiens dus to nuclear explosions since the korizontally 
syemetrical disturbenea preduced by a nuclear explosion does not provide 
significent horizentel shearing energy. | 

Theoretical descriptiens of the ground stresses and gotiens proe 
duced by nuclear explosions using wave theories have been and are baling 
made, Exect solutions have leng been avallable for slmple leadings and 
homogeneous elastic media, but the analytical preblems Involved in 
evaluating the motions dua to a pressure distribution moving et a varying 
waiccity over the surfece of a nonuniform nen-elastic medium are severe, 
In thls eppendix reference is made to seme of the wave propagation situa- 
tions which hava been formulated and solved and a development of the equa- 
tlons for the stresses and motions due to a onecdimensional dilatational 
wave is presented: This latter is the simplest case of wave propagation 
and provides the basis for the techniques of free-field ground motion 


prediction which are presented in Chapter 4, 
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The energy input of a nuclear explosion to the ground is essen- 
tially axisymmetric when the explosion occurs above or near the surface of 
the earth. The general wave forms Induced by such loading are termed 
three-dimensional since spatial dispersion of the wave energy occurs in 
three-dimensions. At great distances from the point of burst, where the 
radius of the air blast wave front is large compared to the depth of 
interest In the earth, the ground disturbance cin be considered to be 
produced by a plane wave, that Is the air blast wave front can be considered 
to be a straight line on the around: surtiews When the velocity of the air 
blast front is great compared to the wave propagation velocity in the earth, 
@ one-dimensional wave formulation can be applied. The aessuzotion is made 
that ata given time the surface loading is everywhere the seme, so that no 
shear waves are induced, and only a dilatational wave travels into the 
earth. 

An additional complication is introduced Into the theoretical study 
of ground motions because of the non-clastic behavior of real earth media. 
Even for the ideal situation of horizontally uniform soll or rock the strain 
must be considered to be a non-linear function of the stress and strain. 
history In order to deseribe the observed behavior of real materials. The 
stress-strain-time characteristics of soils and rocks are not yet well 
defined but some simple visco-elastic, elastoxpiestie and locking soll 
stress-strain-time functions have been considered In theoretical studies 
of wave propagation. Obviously, such considerations considerably complicate 


the analytical problea, 


c-4 


Comprehensive surveys of the present theoretical capability 
to analyze the ground motions due to nuclear explosions are presented 
in Refs, C-2, C-4, and C-5S. Some of the solutions available and other 


references of Interest are mentioned in the material which follows. 


C.2 TWO AND THREE-DIMENSIONAL STUDIES OF AIR-INDUCED GROUND MOTIONS 


€.2.1 Three-Dimensional Studies. The one-disicnsional loading, 
while offering desirable sieplicity of formulation and solution, is not a 
generally valid representation of the loading applied to the ground by 
an air blast pulse. A real air blast loading is distributed with rea- 
sonable horizontal sysaetry ebout ground zero, so a solution for an 
axisymmetric loading producing axisymmetric ground motions promlses to 
provide a geod representation of ectual conditions. Such a solution for 
the problem is particularly desirable for study of motions at points of 
large ratios of depth to radius fresa ground zero. The equations governing 
the response of a medium for such loading conditions are presented In Refs. 
C-2 and C-S, but the solutions are not yet avallable for study. 


C.2.2 Two-Dimensional Studles. The two-dimensional study of 


alr-induced ground motions considers the loading function to be a plane 
wave, that is that the wave front when viewed from above appears as a 
Straight line. Under these circumstances the medium is in a condition of 
plane strain; displacements parallel to the wave front are identically zero. 
This formulation is more susceptible to solution than the three-dimensional 


problem and gives a reasoneble. approximation of the actual conditions when = 


the ratio of the depth of interest to the radius from ground zero is 
small, Solutions for stress, displacement, and velocities for a plane 
wave condition In which the air blast wave has unchanging form and velocity 
are presented in Refs. C-4, C-5 and C-6. 

The form of the solution for the plane wave loading depends upon 
the relation between the air shock velocity U and the dilatational and shear 
wave velocities of the mediua. 


Dilatotionsl Wave Velocity 


2_€E ley 


e "o> We+vya - 2v) 


Sheer Veve Velocity 


The solutions must be presented for throe conditions 


uU>c> c. Superselsale condition 
c>uUu> c, Transeismic condition 
c> c. >uU Subselsmic condition 


The superseiemic condition is of interest for high overpressures and has 
received considerable study. Reference C-6 presents a solution for a visco- 
elastic medium for superscismic conditions. A numerical exexple for a rock- 
like medium for a peek overpressure of 2000 psi is presented which demonstrates 
considerable attenuation due to the viscous behavior. However, the data 


availeble are not yet sufficiently extensive to provide a basis for the 
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definition of attenuation due to spatial distribution of energy and absorption 
of energy through jielastic response, 
References C-4 and C-5 provide equations for stresses-and motions 

produced by a plane wave acting upon an elastic mediua for superseismic 

4 conditions and in C-S for transeismic and subseismic conditions. Because of 
the unchanging wave form and velocity, these solutions are actually one- 
dimensional solutions; the peek stress value does not attenuate with increasing 
depth for superseismic conditiens. Figure C-l, after Ref. €+-4, shows the 
wave form and the traces of the dilatetional and shear wave fronts with depth, 
C.3 GROVND MOTION 


1S BY CHE-DEINENSIONAL WAVE THEORY 


In one-dimensional wave theory a time dependent disturbance Is 
considered to ect uniformly over a surface of infinite extent. Therefore, 
only verticel motions occur and slimle relationships cen ba established 
between stress, displacement, velecity, and acceleration. No shearing 
stress or shear wave Is Induced in the medium. Altheugh the situstion Is 
highly idealized compared to the conditions resulting froa auclear blast, the 
theory provides an understending of the basic relationships between stresses 
and ground motions end can be corrected to provide a reasonable representation 
of actual free-field conditions. 

C.3.1 Uniform Elastic Hediua. Figure C-2 shows an element of unit 
area of a uniform elastic medtus of infinite extent. The terms used to 
define the undisturbed location of a given particle of the medium and the 


displacement of that particle with thee are as follows. 
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t time variable 
x undisturbed location of a given particle 


u displacement of a given particle in the x direction, 
a function of x and t 


oy normal stress in x direction, tension considered to be positive 


Co normal stress in y direction (any direction normal to x) 
tension positive 


E Young's modulus 

v Poisson's ratio 

c velocity of propagation of a dilatational wave 
¢ velocity of propagation of a shear wave 

9 mass density of the mediun 

side-on overpressure at the surface 


€ engineering strain In x direction 


For equilibriua of an element of the medium of unlit area and of 


thickness dx 


Peleg 2 


x On" 
> & - p-—= dx = 0 
x at? 


To obtain an equation In terms of u alone, the strain Is expressed 


and considering that all displacemants normal to the direction x ere zero, 


from Ref, C-7 


oo uce l-v = eA =v ou 
x €x T+ vl - 2v) (1+ v)Ci - 2vy) ox 
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ot tenes marten ne oY a arene 


pokes 
Substitution for x= In the differential equation of equilibrium ylelds 


2 2 
eu Bes ou =0 | (c-3) 
ot Ox 


where c¢ is the velocity of propagation of the wave form 
eh (c-1) 
The general solution for Eq. (C-3) is 


we de-t]rderg] 


Where f E - x] denotes some function of the quantity E - x] and 


g E +3] soe function of the quantity E +3], The function f represents 


a wave form moving In the positive x direction at the velocity ¢, while the 


function g represents a waveform moving in the negative x direction at the 


velocity c. 


For an infinitely deep elastic uniform medium loaded by surface 


pressure, such as is shown In Fig. C-2, the solution is glven by 
x 
us f E - 2 (c-4) 


In terms of Eq. (C-4) the quantities of stress, strain, and particle 
velocity become 


2 du. ’ x 
Stress o Oo 475 oc f E - s| 


c-9 


a ne i ben. 


Ou er x 
Strain ¢ =S¢=-1¢ [: - 3] 


where 


To relate the quantities to the overpressure, the boundary 


conditions at x = 0 require that 
oe =P, (t) at x=0 
Befining a time quantity t* such that 
cs = 
tee t= 


then 


where Py G ts the surface overpressure at the time t = t*. 


The expressions for stress, strain, and particle velocity becozs 


- te 
Stress <p = P, E | 


Strain ce [| Joc® (ce5) 
Particle Velocity us Ps [| /pe = €,¢ 
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Note that stress, strain, and particle velocity are linearly related to 
the overpressure P.- 

The acceleration at a point can be determined by differentiating 
the equatior for particle velocity 


Acceleration . 
v-2 2 ©, [e) (c-6) 


The peak acceleration will depend upon the shape of the overpressure - time 
varlation. For a vertical shock front the acceleration will be Infinite, 
The absolute displecezcat of a point x, ata given tiga t, can be 
obtained in two manners. 
(1) By en Integration of the particle velocity at the point Xs 


Displacement 


te 


u(x,.t,) a Ps [es] dt {€-7) 


x 
& 
| om oo oo 


(2) By integration of strain from Infinite depth to the depth Xo 


where 


at the time t, 


uxytde-ty fp, (eg ee (c-8) 
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where 


p. (t#) =p. (t, - 4) 


Either Integration can be conveniently performed graphically on the 


overpressure-time curve. The integral 


ts 


b P. (t*) dt 


° 


of Eq. (C-7) is the area under the overpressure=time curve p.(t*) between 


the times 0 < «*# < t= x,/c. The integral 


-f p, (t%) dx 
Xe 


of Eq. (C-8) is ¢ times the same area. 
The relative displacement between points Xs and x, at a given time 


t. cen be determined by integrating the strain between the points at the 


given time. 


For Xx, >xX 
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Relative Displacement 


% 
1 
as = — * = 
us uy Se if P. (t*) dt (C-9) 
: i 
* 
The integral 4 
: [pg (et) aes 


% 
represents the area under the overpressure-time curve pi (t*), or impu:se, 
in the time interval te > t*® > te. The length of the time interval is not 
a function of the time in question te but equals (x, - x,)/c. Therefore, 
the maximum relative displacement can readily be estimated by obtaining the 


maximum impulse for the time interval. 


Horizontal Motions =- do not occur for this ideal cne-dimansional 


loading. 
The stress in any horizontal direction is given by the theory of 
elasticity as 


Horizontal Stress 


oe ——o (c-10) 


Hote that for the one-dimensional wave theory no attenuation of 
stress occurs with increasing depth. 


C.3.2 Leyered Elastic KHedium, Chances in the properties of the 


medium through which a one-dimensional wave travels Influence the character 
of the motions end stresses induced. Consider the influence of a change In 


' properties of horizontal strata such as are shown in Fig. C3. 
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A wave in the upper stratum Incident to the boundary is given 


by. the equation 
x 
u= f(t - 4) 
At the boundary a reflected wave 
x 
us g(t + =) 


will form and travel in the negative x direction In the upper stratum. A 


transaltted wave 
u= F(t - 2) 
c 


will also form at the boundary and will travel In the positive x direction 


in the lower stratua. 


Two conditions must be applied at the boundary to define the 
reflected and transmitted waves in term of the incident wave. 


(a) For equilibrium 

sy + noe = o, 
- pc ft (t - 2) + pc a! (t + 4) =-pc F (t - 2) 
(b) For compatible displacement 

u) tui su 


r t 


F(t- +g (e+) =e (t - 3% 
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Defining coefficients of reflection r, and transmission, s, where r and $s 


are constants with respect to time, 
g (t+) =r (t - 4) 
“ F(t- 2) =sf (t- 2) 
Then, from (b) 


l+ras 


and, froa (a), by substituting the time partial derivatives of the above 


definitions of r and s, 


-ltroaes- re $ 


Defining ¥ = ee (c-11) 
2 a 
eae revert 
y 


(C-12) 


If the lower stratum ts stiffer than the upper, and of equal or 


greater density, ¥ will be less than one. For these conditions a reflested | 


compressive stress and a transmitted compressive stress will result from an 


C-15 


SRE Terie temo nm ae a 


incident compressive stress. The transmitted compressive stress will be 
greater than the incident compressive stress, 

The above expressions are valld for any number of strata. The 
quantities E, ¢, and 9 are used to represent the properties of the stratum 
_in which the incident wave is traveling. 


C.3.3 Noneelastic Media, Most of the studies concerned with the 


influence of non-linear elastic soil properties on the propagation of waves 
have been carried out for the one-dimensional situation. It Is an effective 
technique for studying the influence of the variation of the soil stress- 
strain-time function since no effects of spatial dispersion of energy are 
present and the equation of mation is in the simplest possible form. 

The studies of Ref. C-10, providing numerical solutions of the 
one-dimensional wave equation for visco-elastic and elasto-plastic soils, 
are discussed in Section 4.2.2, Studies of the effects of bi-linear 
stress-strain relations with the second modulus greater than the first 
which approximate the behavior of confined granular soils, até given in 
Refs. C-8 and C-9. 

Formulations for the propagation of plaze and threeedigenstional 
weaves in <isco-elastic materials may be found in previously mentioned 
Refs. C-2, C-4, C-5, and C-6. The problems of solutien are considerable, 
but Ref. c-6 does present the results of some solutions showing the marked 
reductions in peak stress st depth resulting from the enerey absorption 


‘due to viscous response of the soil. 
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Additional study of the influence of non-elastic soil behavior 
on displacements is required. It is necessary that such work be accom- 
panied by studies of soil behavior since the mathematical formulations 


the stress-strain-time properties of soils must be demonstrated to re-resent 


reasonably their behavior. 
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FIG. C-3 ONE-DIMENSIONAL WAVE IN A LAYERED MEDIUM 
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APPENDIX D 


NOMENCLATURE 
a = width of beam 
- - peak vertical acceleration of soil in free-field, 
° P air-induced shock 

a, o max imum radial acceleration in free-field, direct 
transmitted shock 

A = cross sectional area of an arch; also Response 
Spectrum Acceleration 

A. = cross-sectional area of concrete column 

A, = area of steel in a reinforced concrete mexber 

A, = area of steel beam web 

b s width of loaded area; also flenge width of steel beam 

b, om width of stiffener 

B = span of an arch 

c = static cohesive strength of soil; also, selsmic velacity 
in elastic meaium 

c, = seismic velocity consistent with MH, 

cy = ambient sound velocity in dry air 

cy s seismic velocity consistent with 4, 

c. = selsmic velocity consistent with M. 

C = lateral seismic coefficient 

Cy = drag coefficient 

Cao nat drag coefficient for an object 

Cup = drag coefficient for a point pressure 
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drag coefficient for a surface 
drag coefficient on front face 


reflection coefficient = Pro/P so? also drag coefficient 
on rear face 


drag coefficient on roof 


effective depth of steel in concrete members; also depth 
of web in steel beems 


peak transient vertical displacement of soil, air-induced 
shock 


elastic component of relative displacement over depth z, 
air-induced shock 


residual displacement, air-induced shock; also, maximum 
radial displacement in free-field, direct-transmitted shock 


residual displacement of ground surface, air-induced shock 
residual displacesent at depth z, air-induced shock 
peak elastic displacement et surfece, air-induced shock 


total depth or thickness of a member; also Response 
Spectrum Displecement 


duration of overpressure positive phase 
duration of dynamic pressure positive phase 


void ratio of soil 

void ratio of soil in situ 
electron volt 

modulus of elasticity 


effective modulus of elasticity for concrete 
initial tangent modulus 


frequency 


D-2 


fe. = critical buckling stress; also usable stress capacity 
of material composing arch 


ft # 28 day compressive strength of concrete 
° fae = dynamic compressive strength of concrete 
Fay ™ dynamic yleld stress of steel 
i ‘ = Static yield stress of steel 
F = lateral force at floor of multistory building resulting 
from base motion 
g = acceleration of gravity 
h = depth from ground surface to top of structure; also, height 


above base of multistory building 


H = effective wave length in feet; also, the smaller of (h-0,25L) 
or (2L) for soil arching study; also horizontal boundary 
force on dome 


Hoy = average depth of earth cover 

H. = critical depth of soil overburden to produce creep 

I = moment of inertia 

I, = moment of inertia at cracked concrete section 

ry es overpressure impulse 

te = dynamic pressure impulse 

K a stiffness factor; also ratio of horizontal to vertical 


soil pressure for general case 


K® = stiffness factor Including soil resistance 
KA = fraction of p considered to act on wall. of mounded structure 
K, = ratio of horizontal to vertical soil pressure for zero 


lateral strain 


K = rise-time factor 
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Vv 
L = 
uy = 
t = 
$s 
m = 
m' = 
mev = 
M = 
vA. = 
t 
M = 
Pp 
MS = 
p 
4 e 
r 
Hoe 
Fs 
Mos 
Pp 
n = 
©, = 
oS = 
Po = 
Por ss 
Pg * 
Pan rg 
Puo =. 


fraction of p considered to act on roof of mounded structure 


span length for beam, or length of structure; also, leesé 
plan dimension of structure for soil arching study 


length of long span for two-way slab 

length of short span for two-way slab 

mass of structural element per unit length 

mass of structural element plus soil per unit length 
miilion electron volts 


constrained modulus of deformation of soil; also, 
bending moment 


initial trangent modulus during loading (Fig. 4-9) 


fully plastic moment; also, idealized modulus during 
loading. (Fig. 4-9) 


fully plastic moment with axial load . 
idealized modulus during unloading (Fig. 4-9) 


fully plastic moment at center of span 
fully plastic moment at end of span 


1 - (0.02t/50) for soll arching study; also, «/B for 
arch flexural computations 


preconsolidation ratio for soil (Sect. 4.2.3) 
overstress ratio for soil (Sect. 4.2.3) 
compressive mode pressure for arch, doze, or silo 
elastic buckling pressure 

dynamic pressure 


peak value of drag component of flexural load on arch 
or dome 


peak dynamic pressure 


lee ood ae re 
a eet a rps Sana ae AR ea eo Seep a ert ae Sign ast RP a a ea pc Ns a al i Se es 


bin 


oan 


peak value of initial component of flexural load on 
arch or dome 


flexural mode pressure for arch, dome, or silo 

inittal component of Pe 

drag component of Pe 

free-field horizontal pressure in soil at depth z 

peak value of loading pressure on structure 

ambient atmospheric pressure; also, uniform pressure on roof 
of burled structure = Py minus arching effect; also, in- 


situ soil overburden pressure 


previous maximun value of soil overburden pressure 


Static radial pressure on silo at Infinite depth 


peak reflected pressure 

side-on overpressure cn ground surface 

peak side-on overpressure on ground surface 
free-field vertical pressure in soil at depth z 


maximum free-field vertical pressure at depth zor, for 
soil arching, at depth h 


static radial pressure on silo at depth z 
pressure on windward slope of embaniasent 
thrust In arch or column 

buckling strength in direct compression 
ultimate strength in direct compression 
yield resistance of member, general 
compression mode resistance 


flexural mode resistance 
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qa, = ultimate resistance; also, unconfined compressive strength 


of soil 

q = shear resistance 

v 

q = diagonal tension resistance of a reinforced concrete member 

rc ™ radius of arch, dome, or silo; also, roentgen, measure of 
strength of radiation field (Sect. 12.4.2) 

rg «= _ radius of gyration 

rad = untt of absorbed dose of nuclear radiation (Sect. 12.4.2) 

rem ® unit of blological dose of nuclear radiation (Sect, 12.4, 2) 

R = effect of rise time on required resistance; also, for arching 
computation, plan area divided by perimeter of structure; 
also, range from point of detonation 

RG = natural period factor due to support conditions 

$ = horizontal distance per unit rise of side slope 

S = least distance from stagnation point to edge of cbstruction 

t = time; elso, least width of column 

ty = effective duration 

te = thickness of steel beam flange 

t; =. impulse duration for overpressure 

ty = positive phase duration of overpressure at tunnel entrance 

‘.. = the duration of an ini jially peeked triangular replacement 
with decay defined by tangent to the overpressure-time 
curve at p 

. so oe 

t. = rise time of pressure pulse 

t. = thickness of stiffener 

t = thickness of steel beem web 

tog = the duration of an initially peaked triangular replacement 


with decey line pa 
original overpress 


ssing through p 
ure-time curve 
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impulse duration for dynamic pressure 
positive phase duration of pressure in tunnel 


the duration of an initially peaked triangular replacement 
with decay defined by tangent to dynamic pressure-time 
curve at Puo . 

the duration of an initially peaked triangular replecement 
with decay line passing through Puo and 0.5 Puo of the 
dynamic pressure-time curve 

natural period of vibration; also, temperature 

natural period. modified by soil mass affect 

uniform compression mode period 

flexural mode period 

particle velocity 

velocity of air blast shock front 

average shear stress in flexural member 


dynamic shear yield stress in steel 


peak horizontal velocity of soil in free-field, air- 
induced sheck 


peak vertical velocity of soil in free-field, air- 
induced shock 


peak radiei velocity of soil in free-field, direct- 
transmitted shock 


total shear; also, Response Spectrum Velocity 


total weight per unit of slab area; also, unit weight 
of soll : 


weapon yield in megatons; also, weight of multistory build- 
ing concentrated at floor levels 


depth below ground surface in feet 
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depth of penetration of wave front 

depth of penetration of wave peak 

plastic section modulus of steel beam 

ratio of short to long spans of a two-way slab; also, 

side slope factor for mounded arches or domes (Sect. 5.4.3); 
also, effective column length 


attenuation at depth z 


one-half central angle of an arch or dome 


’ one-half central angle of circular arc approximating ground 


surface over buried arch or dome 


factor for long beam under two-way sleb; also, in-situ 
density of soll 


deflection of structural element under load Po 
Strain 


correction factor for shear or diagonal tension resistance 
of a long bean under a two-way sled = 2/(2-a) 


horizontal angle 
ratio of negative to positive reinforcement percentages 


ductility factor, ratio of maximum deflection to deflection 
at yleld 


Poisson's ratio 
mass density 


transit time of shack front across Structure or element; 
also, sheer stress in soll 


tensile steel percentage; elso, static angle of Internal 
friction in soil 


compressive steel percentage 


tensile steel percentage at midspan 


9 = tensile steel percentage at support 


e 
Pe avg= average of tensile steel percentages at ends of beam 
Me = tensile steel percentage at midspan in long direction 
of twoeway sleb 
Me = tensile steel percentage at supports in 2208) direction 
of two-way slab 
Pee = tensile steel percentage at midspan tn short direction 
of two-way slab . 
ed ad se . tensile steel percentage at supports in short direction 
y of two-way slab 
: 9 = total steel percentage 
% = web reinforcement percentage 
oy = percent of stesl (inclined at 45°) crossing a surface 
Inclined at 45° 
v = correction factor to modify substitute beam for flexure 
mode of an arch 
¥ = relative acoustic impedance of two adjacent strata (used 
only in Appendix C) ae 
9) = twoeway slab factor for flexural resistance 
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